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Abstract—The phosphorescence spectra of biphenyl were studied in EPA, petroleum ether, 
eyclohexane and carbon tetrachloride at 90°K. In the last three solutions the spectra showed 
fine structure and the vibrational analyses have been discussed. 


Introduction 

THE green—blue phosphorescence of biphenyl was first observed by Trepe and 

,aGOss [1] in boric acid phosphor in 1923. Lewis and Kasua [2] identified it 

with the triplet-singlet emission and determined the phosphorescent level at 

22.800 em~' in EPA at 90°K. The lifetime measurement was made by Dikwy et al. 

[3] They gave 4-4 sec for the lifetime of the triplet state. The sensitized phos- 

phorescence of biphenyl was reported by ErmMoLarv and TrerREeNIN [4]. A frozen 

, ethanol solution of biphenyl, which did not luminesce upon excitation with Hg 
17 3660 A, emitted phosphorescence in the presence of benzaldehyde, while a frozen 


96] ethanol solution of biphenyl in the presence of benzophenone showed both the 


phosphorescence spectra of biphenyl and of benzophenone. No triplet—triplet 
absorption was found in a region between 7500 and 3050 A [5]. Presreim and 
sARBARON [6] reported the triplet-singlet emission of biphenyl at 2°K. Seventeen 
bands were found between 25,254 and 21.660 em~!, the 0,0-band of the system 
being at 24,866 em~!. ~ 

We studied the triplet-singlet emission spectrum of biphenyl! at 90 K in 
various solvents. Vibrational analyses will be discussed. 


Experimental 


Biphenyl! of Schering-Kahlbaum product was twice recrystallized from ethanol and dried in 
an evacuated desiccator. The melting point was 71°C. Purifications of solvents, EPA and 
petroleum ether, were the same as those described in our previous paper [7]. In this experiment 
eyclohexane and carbon tetrachloride were also used as solvents in rigid media. Commercial! 
eyclohexane usually contains benzene and other aromatics as impurities and special care must 
be exercised in the purification in order to eliminate them completely. About 1 |. of evclohexane 
was shaken with fuming sulphuric acid, and the sulphonates were removed after shaking with 
water and then with a sodium hydroxide solution. It was then refluxed for 2 hr with a mixture 
of about 100g fuming nitric acid and about 100 ¢ concentrated sulphuric acid. Crystalline 
products, dinitro- and polynitro-benzenes, were removed and the remaining nitrobenzenes were 
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washed off by shaking the cyclohexane with a fresh mixture of fuming nitric acid and concen- 
trated sulphuric acid. The last traces of nitrobenzenes were reduced to amine hydrochlorides by 
refluxing the cyclohexane with stannous chloride and hydrochloric acid. Several pieces of 
metallic tin were added during the reaction. The eyclohexane was washed three times with 
hvdrochloric acid and distilled off over hvdrochlorie acid. The distillate was washed carefully 
with a sodium hydroxide solution and water. It was dried with calcium chloride and passed 
through a column of freshly activated silica gel four times with replacement of silica gel each 
time. Finally it was fractionated over sodium with a long column rectifier. The boiling point 
was SIC and the middle fraction was collected. The purified cyclohexane emitted extremely 
weak green—blue luminescence of about 107! see lifetime by visual estimate. 

About 1 |. of carbon tetrachloride was refluxed at 60°C for 1 hr with a mixture solution of 
10 ml water and 100 ml ethanol containing ca. 10 g potassium hydroxide. It was well washed 
with water in order to remove ethanol, then shaken with sulphuric acid to remove any reaction 
products, and washed with water and with a potassium hydroxide solution. This procedure was 
repeated three times and impurities, such as carbon disulphide which was the most objectionable 
impurity in the solvent, were completely eliminated. After the final refluxing it was washed 
with water to remove ethanol and shaken with concentrated sulphuric acid, water, a potassium 
hydroxide solution, and a potassium permanganate solution containing a small amount of 
potassium hvdronxice After elaborate washing it was dried with calcium chloride, refluxed over 
phosphorus pentoxide and distilled off. Then it was passed through a column of freshly activated 
silica gel three or four times with replacement of silica gel each time. It was carefully fraction- 
ated with a long column rectifier. The boiling point was 76-5°C and the middle fraction was 
collected. The purified carbon tetrachloride gave no luminescence on blank test at 90°K. 

Biphenyl was dissolved in EPA, petroleum ether, C,H,, and CCl, at 10-% mole/l. each. A 
sample solution was cooled at liquid air temperature and excited with an unfiltered 400 W 
high-pressure mereury are lamp of Toshiba type HL-400—-P. It emitted green—blue phosphor- 
escence. The optical set-up and other apparatus used in this experiment were essentially the 
same as those described before [7]. A quartz spectrograph of medium dispersion made by the 
Institute of Physical and Chemical Research, Tokyo, was also used. Exposure times ranged 
from | to 10 hr on Eastman Kodak Tri-X film with a slit width of 100 4. Wavelengths and 
imtensities of the spectra were measured witha recording microphotometer which we constructed. 
It consisted of a reading densitometer of Shimadzu type II, a hand-made pre-amplifier, and a 
recorder of Chino type E-434. A photocell of the densitometer was replaced with a photo- 
multiplier tube Toshiba MS-6SY, and the plate holder was driven at a constant speed of 1 mm 
per min with a synchronous motor of Kiriu-Eikosha type SM-1. It is believed that the maxi- 
mum precision was +10 cm! for moderately sharp bands. For very broad and diffuse bands 
the maximum accuracy of the measurements was probably not greater than +30 cem~!. 


Results and discussion 
The triplet-singlet emission spectra of biphenyl! were studied in EPA, petroleum 
ether, cyclohexane and carbon tetrachloride at liquid air temperature. The 
microphotometer tracings are shown in Fig. 1, while the spectral data and the 
analysis are given in Table 1. The green—blue phosphorescence was observed in 
each of the solutions, and the lifetime was about 5 see by visual estimate. The 
spectrum in EPA consisted of four broad bands as reported by Lewis and Kasua 
2}. On the other hand the spectra in petroleum ether, cyclohexane and carbon 
tetrachloride showed fine structure, and nineteen bands were found in each spectrum. 
The analysis was applied jointly to the three spectra. The shortest wavelength 
band at 22.770em~' in petroleum ether, at 22,950 cem-! in cyclohexane, or at 
22.940 cm”! in carbon tetrachloride was taken as the 0,0-band of the system. 
Before discussing the vibrational analysis the symmetry properties of the 
electronic states involved will be commented on. It is well known from X-ray 


V L 
17 
196] 


The phosphorescence spectrum of biphenyl at 90°K 


IN EPA 


IN P. E. 


IN 


IN CCl, 


18000 20000 22000 


Fig. 1. Phosphorescence spectra of biphenyl at 90 K. 


Table 1. The phosphorescence spectrum of biphenyl at 90° K 


in EPA In petroleum ether In cyclohexane In carbon tetrachloride 


Wave- Relativ As Wave- Relativ Ay Wave- Relative | Wave- Relative Ny 
number intensity number intensity number intensity ~ number intensity 
22,030 { 22,050 10 10 
§ 2? 640 
2 200 
O40 
271,550 l 21.680 
21,345 2 
21.000 1606 
20,490 2 } 233 20,630 232 23 1606 
20,335 2615 y 1606—4 
20.070 2 1606 
1606 
L606 
1606 
1606 


1606 
1606 
1606 
L606 
16,540 1606 


+ 


analysis that biphenyl is coplanar in the crystal [8], and from an electron diffraction 
investigation that it is non-planar in the vapour [9]. Merket and WiEGanD 
suggested that the lack of fine structure in the solution spectra was due to the 
non-planarity of the molecule [10]. SuzuK1 studied the relations between electronic 
absorption spectra and spatial configurations of biphenyl! and related compounds 
and estimated the angle of twist for biphenyl to be approximately 20°[11]. Recently 
Katon and Lipprncorr [12] gave a detailed assignment of frequencies to the 
fundamental modes of vibrations for biphenyl and deuterated biphenyl in terms 
of a D,, model. They studied the Raman and infra-red spectra of both compounds 


in solutions and concluded that the spectra were consistent with a D,, or a slightly 
hindered rotor because of their relatively simple structures. (They regarded a 
twisted biphenyl! as having C, symmetry, but it must be ),. This correction does 
not affect their conclusions.) DALE interpreted the infra-red spectrum of bipheny! 
in terms of a D, model {13}. 


(8) L. Duar, Indian J. Phys. 7, 43 (1932); Proc. Natl. Inst. Sci. India 15, 11 (1949) 
J. L. Karve and L. O. Brockway, J. Am. Chem. Soc. 66, 1974 (1944). 
E. Merket and C, Wrecanp, Z. Naturforsch. 3b, 93 (1948). 
| H. Suzukr, Bull. Chem. Soc. Japan. 32, 1340 (1959). 
2) J. E. Karon and E. R. Spectrochim. Acta 15, 627 (1959). 
J. Date, Acta Chem. Scand, 11, 640 (1957). 
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Now we tentatively assume that biphenyl in rigid media is of D, symmetry 
and examine what will happen with the assumption. It is a question whether the 
triplet state of bipheny! is related to the first excited singlet state or the second 
through intersystem crossing. Absorption to the first singlet is hidden in solutions 
by the much stronger second transition band at 250 my as was discussed by Wen- 
ZEL, who presented evidence for the location of the first singlet transition (which 
corresponds to the forbidden 2600 A band of benzene) near 270 my [14]. Dace 
reported that the hidden band was found at 275 mu with an oriented solid sample 

15}. The excited singlet state was assigned B, symmetry, and the transition 
moment is along the y-axis perpendicular to the molecular axis. The ‘‘conjugation- 
band” system concerns the transition that has a moment along the molecular axis 
(s-axis), namely '3,—-'4A,. It is interesting to compare the phosphorescence 
spectrum of bipheny! in petroleum ether. for instance, with that of toluene in EPA 
which was already studied and analysed in detail by Kanna and Sroner [16]. 
The spectrum of bipheny! is finer in its structure and its 0,0-band is much stronger 
in intensity than that of the toluene spectrum. In spite of these differences it is 
assumed that the spectrum of biphenyl is somewhat similar to that of toluene. 
If the conjugation between two benzene rings is quite small (rings at almost a right 
angle). the molecule may approximately be regarded as an assembly of two 
independent monosubstituted benzenes. The transition moment of the triplet 
singlet emission spectrum of the biphenyl should lie along the molecular axis in 
the same way as in the triplet-singlet emission spectrum of toluene. The effect 
of increase in the extra-conjugation energy between two benzene rings was seen to 
reveal itself in the enhancement of the intensity of the 0,0-band of the biphenyl] 
spectrum. This finding was corroborated by analogous evidence obtained in the 
triplet-singlet emission spectrum of benzonitrile in this laboratory [17]. Therefore 


the transition of the emission must be #8, —-'A,. This is allowed by symmetry 
but forbidden by spin multiplicity. 


The spectrum of biphenyl in cyclohexane was better resolved than that in 
petroleum ether, and the intensity of the 0,0-band at 22,950 cm~! in cyclohexane 
was almost the same as that of the band at 21,345 em~! (0-1606). Finally, the 
spectrum in carbon tetrachloride was the sharpest among these spectra, and the 
0.0-band at 22.940 cm~' was the strongest band of the spectrum.* 

These facts show that bipheny! molecules, clamped in matrices of cyclohexane 
and carbon tetrachloride, give greater sharpness of the spectral bands and greater 
intensities of the 0.0-band in comparison to the petroleum ether spectrum. 

The sharpness of the spectra is ascribed to good orientation of molecules in the 
matrices. The strong intensity of the 0.0-bands in these spectra is due to the 
Franek-Condon principle. We assume a simple potential energy diagram whose 


that Poapotne nvl was dissolved in these four solvents and embedded 
t OOK. Itisp ble that a sample of a solidified solution might 
illine biphenyl and solvent crystallites. However, crystalline 
escence in the spectral region studied here at 90° K. Therefore, the 
issed here cannot be attributed to the microcrvstalline biphenyl 
14 ENZEL, J. Chem. Phys. 21, 403 (1953 
Dau ieta Chem. S 11, (1957 
16 Kanpba and H. Sponer. J. Chem Phys 28, 
7! K. Taker and Y. Kanpa. To be published 
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ordinate represents the total energy of the molecule and whose abscissa is, in this 
case, the normal co-ordinate of the mode of vibration 1606 em~', which is most 
prominent in the phosphorescence spectra as will be discussed later. Consider now 
two potential energy curves corresponding to an upper and a ground state. The 


intensity of the 0,0-band depends on the stability of the molecule in the upper 


state and the closeness of the relative positions of the potential minima of the two 
states on the abscissa axis. These properties depend strongly on the extra-con- 
jugation energy. Since the intensity of the 0,0-band was high in each spectrum, 
it is suggested that there is a considerable amount of extra-conjugation energy 
between two phenyl rings. This is also corroborated by the fact that the 0,0-band 
of the phosphorescence spectrum of biphenyl appears at longer wavelengths than 
that of toluene, being shifted by 14,510 em~ (in EPA). 

LONDON [18] first applied Gorrrert-MayerR and Skiar’s method [19] of 
antisvmmetrized molecular orbitals to the quantitative interpretation of the 
absorption spectrum of planar biphenyl. IGucnt [20] also calculated singlet and 
triplet states of biphenyl for a planar model, and B,,* was assigned to the lowest 
triplet using PARISER’s approximation [21]. This corresponds to B,, in our case 
if the molecule is coplanar, and the calculated value of 3-068 eV (24,750 em~*) is 
fairly close to our observed 0,0-bands. His lowest singlet corresponds to the 
conjugation band system and was calculated at a level of 5-551 eV (44.780 em~!), 
which is much too high compared with the absorption maximum at 39,500 cm~! 
of solid biphenyl in a KCI disk observed by Date [15]. Recently Stewart also 
reported a calculation using a planar model [22]. Although his value for the 
longitudinal transition of 4-86 eV (39,300 em~!) was very close to the observed 
value. energy increments (AZ’s) in the “vertical excitation energies” in relation 
to the transition energies of benzene were in general too small in triplet states for 
a triplet transition energy of biphenyl to agree with our observed data. 

CorrMan and McC.Lure studied the electronic spectrum of biphenyl crystal at 
20°K and found a new system beginning at 33,714 [23]. McCrure [24] 
ascribed it to a state whose wave-function was a symmetrical linear combination 
of two molecular orbitals. In each of the components of the wave-function one 
of the pheny! rings is supposed to be excited, the other being in the ground state. 
Vibrational quanta in both ground and excited states were taken into account. 
However, this spectrum had been found at 93°K and the same interpretation 
had been suggested earlier by Dep |25]. Recently Broupe ef al. [26] also studied 
the same spectrum at 20°K. They regarded the band at 33,886 cm~! as the 0.0- 
band of the system judging from the vibrational structure, although the longest 
wavelength band in this region was the weak one at 33,733 em~!. 

F. Lonpon, J. Chem. Phys. 18, 396 (1945) 

M. Goreprert-Mayver and A. L. Skvar, J. Chem. Phys. 6, 645 (1938); A. L. Skiar and R. H. 

Lyppane, 7, 374 (1939) 

K. leven, J. Phys. Soc. Japan 12, 1250 (1957). 

R. Pariser, J. Chem, Phys. 24, 250 (1956) 

E. T. Srewart, J. Chem. Soc. 4016 (1958). 

23) R. CorrmMan and D. 8S. McC.iure, Can. J. Chem. 36, 48 (1958). 

D. S. MeCiure, Can. J. Chem. 36, 59 (1958). 

A. R. Des, Indian J. Phys. 27, 305 (1935). 


V. L. Broupr, E. A. Izrartevicn, A. L. Litserman, M. I. Onorrienko, O. 8S. PAKHOMOVA 
A. F. Priknor’ ko and A, L. Optika i Spektroskopiya 5, 113 (1958 
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The assignment of the intermediate singlet state for the intersy stem crossing 
still remains unsettled. If the hidden band at 275 mua (36.350 cem~') were the 


.0-band of the intermediate singlet state the singlet triplet separation would 


be 13.420 em"! | 36.350 22 O30). This value is too large to be assigned to the 
1 


ST separation of *-2* type. which would be about 10,000 em~' or less The 
conjugation band at 246 ma (40.640 em~') cannot. of course, be the intermediate 
state because of the much too large difference 17.710 em~-'. On the other hand 


the band at 33.714 em of CorrmMayn and MeCucre or the one at 33.733 cm™' of 


Brovupe ef al. seems to give a better separation value, Le approximately 1O.800 
em This fact suggests that bipheny! must be planar since they found this band 
system in the ervstal at 20° K in this connexion we studied the absorption spectra 
of biphenyl in solutions in petroleum ether and in ethanol and found two weak 
bands at 208 and 203 mu. their extinction coefticients being approximately 20 and 
i), respectively \ detailed report of this will soon be published [|27|. Therefore 


t ix concluded that biphenyl! in solutions also has a planar structure or a slightly 


twisted one. in good agreement with the result of Katrosw and Lirrixcorr. Then 


the tra tion for the | hosphorescence bs ait -'4. and the intermediate singlet 
stat « the so-called “charge transfer’ state according to STEWART 
Frequencies of approximately 315, 740, 1010, 1280 and 1605 em~' were found 
the phosphorescence spectra. The frequency of 1605 em~' forms a main pro 
vression, and other frequencies as combination bands with it. These values are 
unterparts of the Raman frequencies 309, 736, 007, 1277 and 1606 em~', respect 
ve btained by Freutixe [28] in the molten state with polarization measure 
ment \ f these Raman lines belong to totally svmmetrical vibrations. The 
tre encies of G97 and 1606 em"! are attributed to C—— stretching vibrations of 
benzene rings, and the frequency of 1277 cm ‘is ascribed to the stretching vibration 
('hond between two benzene rings Hipaeo attributed the depolarized 
doublet 1582 and 1602 cm to vibrations of symmetry |20 Since there was 
no intensity alteration in the 1605 em ' progression of the phosphorescence spectra 
sonment for the frequency of 1602 cm™' looks untenable KATON and 
assigned the tre quency ol i583 ' to a vibration of a symmetry 
mnd the 16038 em to that of bh However. the reverse seems reasonable for the 


phosphorescence spectra and it agrees with the assignment by Kovner [30] 
Kator and Lirrixcotrt also attributed the frequency of 302 to a vibra 
tion. However. the frequency seems to be an a, vibration according to the phos- 
phorescence spectra. Kovner also ascribed the frequency of 315 to an a 

ibration. In general, our analysis of the phosphorescence spectra agrees well with 
the result by Kovyeer whose Raman data relevant to the phosphorescence spectra 
und em 
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Abstract Ihe phosphoresce nce spectrum of benzene has been studied in carbon tetrachloride 
and dioxane matrices at 90 K. and vibrational analyses are discussed The intensity of the 
0 band ot the Spee trum m carbon tetrachloride is fairl strong and no / \ ibration is found, 


while an ¢,, vibration of 404 em i 


is obtains | It is concluded that the 1 ole ular shape Is 
probably of C,, symmetry because of deformation of the molecule due to lattice forces of the 
matrix. On the other hand, the spectrum in dioxane is similar to, but sharper than, that in EPA 
An ¢,, vibration (849 em ') is found in the spectrum. The occurrence of this vibration is also 
ascribed to the deformation of benzene in dioxane matrix. The reduced symmetry is probably 


Dy, 

Introduction 
Tue phosphorescence spectrum of benzene was studied by Suutyt in EPA at 77°K 
and a detailed analysis was given in 1949{1]. Independently Dikun and Svesuni 
KOV analysed the spectrum of benzene in ethanol at 90°K and the same result as 
that by SHULL was reported [2]. The lifetime measurement was made by McCLure 


in 1949 and a value of 7-0 sec was given [3]. SvesHnirkov and Petrov studied the 
influence of media on the phosphorescence decay of benzene and found 3-3 sec in 
ethanol, 0-95 sec in water, and 0-66 sec in carbon tetrachloride in 1950 [4]. They 
also gave 4-1 sec in ethanol in 1951 [5]. Pesrer and his collaborators studied the 
phosphorescence spectrum of benzene crystal at 20°K in 1955 [6]. Sponer et al. 
[7] reported the spectrum of crystal benzene at 4-2°K in 1956. They also studied 
the triplet-singlet emission spectrum of benzene in cyclohexane matrix at 4-2°K 
and 77°-K. It consisted of many sharp line-like bands. 

We studied the triplet-singlet emission spectra of benzene in matrices of carbon 
tetrachloride and dioxane at 90°K and found that these spectra had different 
characteristics from those in EPA, in ethanol. and in cyclohexane matrix. Vibra- 
tional analyses will be discussed 


Experimental 


Commercial benzene of chemically pure grade was shaken with concentrated 


H. Suu, J. Chem. Phys. 17, 295 (1949) 
| P. P. Dixun and B. Y. Svesuntkov, Zhur. Ekep e0 ‘iz. 19, 1000 (1949); Doklady Aka 
65, 637 (1949) 

D. S. MeCiurg, J. Chem. Phys. 17, 905 (1949 

B. Y. Svesunrkov and A, A. Perrov, 1% uly Akad, Nauk S.S.S.R. 71, 46 (1950 

P. P. Dixun, A. A. Petrov and B. Y. Svesuntkov, Zhur. Eksp eoret, 21, 150 (1951 

P, and L. Pestrei., Compt. rend. 240, 1987 (1955); sreu.. A. ZMeru and L. 
Compt. rend, 241, 20 (1955) 

H. Srponer, L. A. and Y. Kanna, Paper presented at the Symposium on Molecular 
Structure and Spectroscopy, Ohio State University, Columbus, Ohio (1956); H. Spooner, Y. Kanpa 
and L, A. BLACKWELL, Spectrochim. Acta 16, 1135 (1960) 
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sulphuric acid until no colour change was detected, and then washed with water, 
a 30°, sodium hydroxide solution, a potassium permanganate solution containing 
sodium hydroxide, and water in order. It was dried with calcium chloride. Two- 
thirds of the sample was frozen and separated from the remaining liquid part. It 
was again dried with phosphorus pentoxide, passed through a column of freshly 
activated silica gel and finally distilled over sodium. The middle fraction was used. 
The purification of carbon tetrachloride was the same as that in a previous paper 

Commercial dioxane of chemically pure grade was boiled under reflux with 
1 N hydrochloric acid of 10 per cent of the total volume for 7 hr, and then air 
bubbles were introduced into the solution through a condenser to remove aldehyde 
compounds formed Potassium hydroxide was added to the dioxane after distil- 
lation and the aqueous layer was removed. It was dried with calcium chloride and 
passed twice through a column of freshly activated silica gel. It was refluxed for 
thr and then carefully fractionated over sodium. A fraction of the distillate 
hoiling at 101—-102°C was collected 

The purified benzene was dissolved in the carbon tetrachloride and dioxane 
at 10-% mole/l. A sample solution was cooled at liquid-air temperature and excited 
with an unfiltered 400 W high-pressure mercury are lamp of Toshiba type HL-400- 
P. The optical set-up and other apparatus used were essentially the same as those 
reported previously |9%]. A quartz spectrograph of medium dispersion was used 
throughout the work Exposure time ranged from 5 to 36 hr for the spectra in 
carbon tetrachloride and from 4 to 20 hr for the spectra in dioxane, with a slit 
width of 100 « and Fuji special test plates for very low luminosity. The sample 
solution was replaced with a fresh one every 3 hr. Wavelengths and intensities 
of the spectral bands were measured with a recording microphotometer which we 


constructed [8]. The maximum precision was — 5 em~! for the bands in the spectra. 


Results and discussion 


The spectrum in carbon tetrachloride 

The triplet-singlet emission spectrum of benzene was studied at liquid-air 
temperature in a carbon tetrachloride solution and the microphotometer tracing 
curve is shown in Fig. 1. Spectral data and the analysis are given in Table 1. It 
emitted a blue-green phosphorescence, extremely weak in intensity and of about 
| sec in its lifetime by visual estimate. These characteristics are in remarkable 
contrast to those in the EPA spectrum. Actually benzene in EPA emits a violet 
phosphorescence, strong in intensity and of 7 sec in its lifetime according to 
McCivre [3]. The spectral appearance of benzene in carbon tetrachloride was 
somewhat similar to that in EPA but the bands in the spectrum in C@1, were seen 
to shade to the shorter wavelengths. The spectrum was sharper than that in EPA, 
although it was not so sharp as that in cyclohexane matrix. It is believed that 
benzene was trapped in the matrix of carbon tetrachloride in such a way as to give 
sharpness to the spectral structure. The band at 29,350 cm~! was assigned to the 


8! Y. Kanpa and 
9) Y. Kanpa and 


t. Surmapa, Spectrochim. Acta 17, 1 (1961). 
Sarmapa, Spectrochim. Acta 15, 211 (1959). 
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IN CCl, 


IN DIOXANE 


24000 26000 28000 


Fig. 1. Phosphorescence spectra of benzene. 


Table 1. Phosphorescence spectrum of benzene in carbon tetrachloride matrix at 90°K 


Wavenumbet Rel. int. Analysis 


20550 j 
55 404 
606 
‘ 104 
28,17! 1175 1178 
17 27.955 é 1395 404-992 
96] 27.76 1590 1596 (1585/1606) 


1985 902 2 

2155 1178-992 
1178 2 
1596-992 
1596-1178 
992 3 
1596 2 
1178-992 2 
1178 2-992 
1596-992 2 
1178 3 
1596-1178—-992 

39040 1596-1178 2 
1596 2-99 
1178-992 
1596 2-1178 

$550 1596-992 

1740 1596 

1900) 1596 2-992 

5145 1178 

5305 1506 78-092 
1596 

5720 1596 

DSB L506 2-992 

6105 1178 

6205 1596 78-092 


6685 1596 


$155 


IN EPA 
77°K 
27,195 7 
PH USS 
26.765 
26.575 5 
26,175 
25.790 
25.620 7 
25,410 
25.105 7 
25.020 7 
24.800 7 ‘ 
24.610 7 
24,450 5 
24,205 } 
924.045 
23 S25 
25,630 
23.455 2 2 
23,245 l 
235.055 2 
2? 665 3-992 2 
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0.0-band of the system. It was fairly strong in intensity, while the 0,0-band of 
the EPA spectrum was very weak in intensity. Frequencies of 395, 600, 790, 995, 
1175, 1395 and 1590em~! were found and attributed to vibrations 404 (e,,), 
606 (e,,), 404 2 (a,,), 992 (a,,), L178 (e,,), 404 992 (e,,), and 1585/1606 (e,,), 
respectively. The intensity of the band at 28,355 em~! (0-995) was fairly strong 
and stronger than that of the band at 28,175 em~!(0-1175). These two bands 
were clearly separated from each other as can be seen in Fig. 1, and this spectral 
feature was entirely different from that in EPA. According to Suu, the intensity 
of the band 1178 em”! was strong and a slight shoulder on its shorter wavelength 


side was taken as the band 1010 em 
or 992 (a,,). The shoulder was so slight that Dikun and Svesuntkov failed to 
discriminate it from the strong band 1179 em~'. The frequency 995 em~! observed 


. which was assigned to a vibration 985 (6,,) 


in this experiment was seen to form several progressions. The first and the second 
overtone bands of the frequency from the 0,0-band were found and the progression 
starting from the band at 27,760 em~! (0—1590) was the most remarkable, followed 
by the one beginning at the band at 28,175 em~! (0-1175). Overtone frequencies 
of 1178 and 1596 em! and a combination frequency 1178 1596 cm~! were 
found. These three were not found in the EPA spectrum. The second overtones 
of 1178 and 1596 em~! and combinations of 1178 2? 1596 and 1178 1596 

2cm~' were also found, and the 992 cm~! progressions were seen to combine also 
with those frequencies. The frequency 404 cm~!, its overtone and the combination 
frequency 404 992 cm~' were found in this spectrum which were observed 
neither in the EPA spectrum nor in the spectrum in cyclohexane. The frequency 
606 em~! was observed here which was not found in the EPA spectrum but was 
obtained in cyclohexane. No 6,, vibration was found in the spectrum. The 


frequency 995 cem~' found here cannot be ascribed to the vibration 985 em~! 


(b,,) but to the vibration 992 em~! (a,,) because of the strong intensity of the band 
at 28.355 em~' and the regular appearance of the progression of 995 em~! beginning 
at the 0.0-band. This progression was observed for the first time in this spectrum 
and never found in the spectra in EPA and in cyclohexane. 

The symmetry of the lowest triplet was concluded by Suu. to be B,, due to 
the occurrence of 6,, vibrations in the EPA spectrum. McCiure [10] and Mizv- 
sHIMA and Korpe {11} gave theoretical discussions favourable to Dikun 
and SVESHNIKOV |2] reported that it was difficult to determine whether the triplet 
state was of L,, or B,, symmetry. Pariser {12} assigned the B,, symmetry to the 
triplet state from his detailed calculation, which is the most accurate so far. Thus 
the transition is *4,, —'A,, if benzene retains D,, symmetry. This transition is 
forbidden by symmetry and spin multiplicity. On the other hand, the spectrum 
in carbon tetrachloride matrix had no },, vibration. This makes it impossible to 
discuss whether the symmetry of the lowest triplet state was of B,, or B,,. More- 
over, the spectrum had the strong 0,0-band and the fairly intense band at 28,355 
em! (0-995). This suggests that the transition of the triplet-singlet emission in 
carbon tetrachloride should be one allowed by symmetry although forbidden by 


10) D. S. MeCiure, J. Chem. Phys. 17, 655 (1949) 
M. and 8. Korpr, J. Chem. Phys. 20, 765 (1952). 
12} R. Pariser, J. Chem. Phys. 24, 250 (1956). 
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spin multiplicity. The symmetry of benzene in the triplet state may no longer be 
of D,, but reduced to a lower symmetry. Finally, since the vibration of 404em~! 
was found in the spectrum, the lower symmetry should be point group C,,. other- 
wise the occurrence of the u-vibration cannot be justified. The shape of the 
benzene molecule is probably that of a shallow boat. It is possible that benzene 
is deformed by lattice forces of the matrix at low temperature. 

A question arose whether benzene was reduced to a lower symmetry than D,, 
even in the ground state in carbon tetrachloride matrix before excitation. We 
studied the absorption spectra of benzene in the crystal and in solutions in carbon 
tetrachloride at various concentrations at 77°K and at room temperature, 15°C. 
The forbidden 0,0-band, which was first observed by Kronenpercer [13] and 
interpreted by Sponer ef al. [14] as the crystal 0,0-band, was seen to appear 
strongly in rigid solutions at 5, 10, 25 and 50 wt. per cent concentrations at 77°K. 
Recently ZMERLI ef al. | 15), and Brovups ef al. | 16] studied the spectrum of benzene 
crystal at 20°K. The “crystalline” and “‘molecular’’ band systems were seen to 
shift to longer wavelengths with decreasing concentrations. and the magnitude of 
the shift of the “crystalline” system was greater than that of the “‘molecular”’ 
system. The intensity ratio (in area) of the 0.0-band to the 0,1-band was approxi- 
mately 1-3:1 in a spectrum of a 5°, solution, while the ratio was nearly 1:5 in the 
spectrum of benzene crystal. Therefore the solution spectrum was entirely different 
from the spectrum of pure benzene crystal at 77°K. It is concluded that benzene 
in the matrix is also reduced to a lower symmetry in the ground state since the 
solution spectrum has the appearance of an allowed transition. A detailed report 
about this result will soon be published. The reduced symmetry in the ground 
state is probably C,,. Although a molecule of reduced symmetry such as D,, or D, 
can give rise to an allowed transition whose transition moment lies along the 
direction perpendicular to the molecular plane, the intensity of the 0.0-band may 
not be so strong. Since the strong 0,0-bands were observed in the absorption spectra, 
benzene in the ground state is also probably of C,, symmetry in carbon tetrachloride 
matrix at 77°K. 


The spectrum in dioxane 

The triplet-singlet emission spectrum of benzene was also studied in a dioxane 
solution at liquid-air temperature, and the microphotometer tracing is shown in 
Fig. 1. Spectral data and the analysis are given in Table 2. Benzene emitted a 
blue—violet phosphorescence in dioxane with a lifetime of about 5 sec by visual 
estimate. The intensity of the phosphorescence was not so weak as that in carbon 
tetrachloride. These characteristics and the spectral appearance were very similar 
to those in the EPA spectrum. Thirty bands were observed in dioxane, while the 
EPA spectrum had nineteen bands. It is believed that benzene is trapped and 
oriented in the dioxane matrix in such a way as to give sharp bands. The band at 
29 481 cm~' was assigned to the 0,.0-band of the system. It was weak but not so 


13) A. KRonENBERGER, Z. Physik 63, 494 (1930). 
14) H. Sproner, G. Norpuer, A. L. Skiar and E. J. Chem. Phys. 7, 207 (1939). 

[15] A. Zmerui, H. Pouier and P. Pesteit, Compt. rend. 245, 517 (1957). 

16| V. L. Broupr, V. 8. MEpvepev and A. F, Priknort’Ko, Optika i Spektroskopiya 2, 317 (1957). 
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weak as the 0,0-band in the EPA spectrum. Frequencies of 604, 704, 844, 995. 
and 1595 were found and attributed to vibrations 606 (€g,), 703 (bg,), 
S49 (€,,), 992 (a,,), 1178 (¢,,) and 1585/1606 (e,,), respectively. The intensity of 
the band at 28,486 em~! (0-995) was somewhat strong but weaker than that of 


the band at 28.300 em-! (0-1181). These two bands were clearly separated from 


Table 2. Phosphorescenc: spectrum of benzene in dioxane matrix at 90°K 


Wavenumber Rel. int Ai Analysis 


48] 0 0.0 


28,877 OS 604 0-606 

8.777 OS 0-703 

28.637 S44 

28.486 0-992 

2s 500 6 LIS] O-1178 

27.886 1595 01596 (1585/1606) 
27.624 l 

27.487 2 1904 0-992 ? 

27,307 7 2174 1178-992 
26.880 10 2592 1596-992 
26.497 3 0-902 3 

26.315 6 3166 0-1178-992 2 
26.150 3351 00-1178 2992 
25.800 3582 0-1596- 992 
25.713 4 3768 0-1596-1178-992 
25.529 5 3052 0- 1596-1178 2? 
25,322 5 $159 0-1178—-992 3 
25.131 7 1350 00-1596 2-1178 
24.912 7 $560 0-1596-992 3 
24.709 6 772 0-1596 3 

24,545 $956 0-1596-1178 2 992 
24.550 3 5151 0-L178—992 
24.150 5 535 00-1596 2—1178—992 
23.934 4 00-1596 992 
23.718 5763 3—992 


23.545 3 5936 01596-1178 2-992 2 
23,347 2 615 5 

23.13 4 6350 O- 1596 2-1178—992 2 
22.731 3 6750 O- 1596 3-992 2 


each other, as they were in the spectrum in CCl,, although the intensity relation 


was different. The spacing 995 cem~! could alternatively be ascribed to a be, 


vibration of 985 c¢m~-'!, because the spectrum in dioxane is very similar to the 


spectra in EPA and in cyclohexane in which the vibration 985 em-! was found. 
However, we do not assign it to the b,, vibration. We will come back to this point 
at the end of this section 


The frequency 606 em~! was found in this spectrum as it was in the spectra in 
CCl, and in cyclohexane, while it was not found in the EPA spectrum. The 


frequency 703 cm~! was obtained in this spectrum as in the spectra in EPA and 
in cyclohexane, while it was not found in the C¢ ‘1, spectrum. The frequencies 1178 


and 1596 em~! were very prominent in the spectrum. The 992 progression started 
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in combination with vibrations of those frequencies. It was, however, strange that 


a combination band of 1178 2 992 cm~! was found while a band of 1178 p4 
em~! was not found. Similarly the combination 1178 + 1596 em~! was not found, 
while that of 1178 1596 992 ' was. Neither a band of 1596 2cem—! 
nor a band of 1596 2 992 ecm! was observed. Combination bands of 1178 

2 1596 and 1178 1596 2 cm! and the second overtone of 1596 em~! were 


found. The 992 progressions were seen to start from these bands. 


The most instructive frequency found in the spectrum in dioxane was 844 cm~!. 


It might be interpreted as an overtone frequency of 404 cm~! (e,,). However, it 


was ascribed to an ¢,, vibration (849 cm taman value). It is obviously impossible 


for the vibration to appear in the phosphorescence spectrum of benzene so far as 
benzene retains D),, symmetry. If we reduce the symmetry of benzene to point 


group D,,, the transition —-'A,, of D,, goes over to This transi- 


tion is allowed by symmetry although forbidden by spin multiplicity. Then the 


é,, Vibration goes over to a vibration of b,, or b,, species, and a vibration of b,, is 
allowed by symmetry in the *4,, —-'A, transition. A 6,, vibration of benzene of 
D,,, symmetry is to appear as a vibration of 6,, species of D,, symmetry in the 


transition. Therefore, the spacing 995 cm~! obtained in the spectrum could be 


attributed to the 6,, vibration 985 cm~', being reduced here to b,, species. How- 


ever, the magnitude of error in measurements of wavelengths was —-5 cm~! in this 


region and the value of 995 em~! seemed a little too large to be ascribed to the b,, 
vibration. The bands at 27,487 and 26,497 cm”! were interpreted as involving the 


first and the second overtones (of 992), respectively. If they were assigned to 


combination bands 985 992 and 985 992 2cm~'!, differences between 


observed and calculated frequencies would be larger than those in the case of 


assignments to the first and the second overtones. 


The ultra-violet absorption spectrum of benzene in dioxane was studied at 


77°K and room temperature (15°C) at concentrations of 5, 10, 25, 50, 75 and 


90 wt. per cent. The “crystalline” system appeared in the spectrum as a series of 


very broad bands at 77°K while the “‘molecular” system remained sharp. Positions 


of bands in both systems were the same as those of the spectrum of benzene 


crystal. The intensity ratio (in area) of the 0,0- to 0,1-bands of a spectrum of a 


5°, solution was approximately 1:3, while that of the crystal spectrum was 


approximately 1:5. In other words, the “‘erystalline”’ system was intensified in the 


spectrum. The spectrum appeared to be due to an allowed transition, but the 
intensity of the 0,0-band was not so strong as that in the CCl, spectrum. Benzene 


was probably deformed to point group Dz, in the ground state but not to the 


extent of (,,. 
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Abstract 1¢ triplet-singlet emission spectrum of pyrazine was studied in EPA, ethanol, 

petroleun ether, carbon tetrachloride, cyclohexane, dioxane and benzene at 90°K extreme ly 

beautiful, fin ectral structures were observed rigid erystal matrices. Experiments on 
ndicated that the lo vest triplet state must be an (nv, w*) state. The singlet 


ctrum of pyrazine was also found in its vapour staté The vibrational 


Introduction 
Tue phosphorescence spectrum of pyrazine was first observed by GoopMAN and 
KasHa [i] in EPA at 77K, and the emission was ascribed to a triplet-singlet 
transition. Upon comparison with the spectrum of 2:5-dimethylpyrazine they 
concluded that the triplet state was of (v, 7*) type. The transition was the multi- 


plicity forbidden one, *B, (nm, 7*) —-'A,, and the transition moment lay along the 


perpendicular direction to the plane of the molecule. The lifetime of the triplet 


state was (0-020 sec. The strongest band at 25.991 em~' was taken as the 0,0-band 
of the system, and a frequency of vibration 609 cm~' formed a simple progression. 
They also observed the singlet-triplet absorption spectrum in isopentane at 203° K, 
and assigned the longest wavelength band at 26.553 ecm™' to the 0.0-band of the 
absorption spectrum. SipMawn [2] gave a theoretical discussion of spin-orbit 
coupling for the *B, -' 4. transition in pyrazine. According to his calculations 
the most important perturbing singlet state was a 'B, (7, 7*) state rather than a 
'B, ora 'B. 7. a*) state. The calculated value for the oscillator strength 

», + A, transition was in good agreement with the value measured by 
(,0OODMAN and Kasna |! observed three absorption bands in a con- 
centrated cyclohexane solution at 26.600, 27.250 and 27.800 em™'. and he ascribed 
them to a singlet-triplet transition judging from the positions at rather longer 
wavelengths and from the extreme weakness ( 0-015) of these band series 
GoopMAN and Harre calculated transition energies in N-heterocyclic 
molecules using a one-electron LCAO-MO approximation and obtained 3-22 e\ 
for the (n, 7*) triplet state of pyrazine in good agreement with the value observed 
by GoopMaN and ll 


We studied the triplet-singlet emission spectra of pyrazine in various solvents 
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at liquid-air temperature. The spectral features observed in rigid glass solutions 
were similar to those reported by GoopMAN and Kas#a, but the spectra observed 
in crystal matrices showed extremely fine detail consisting of a number of sharp 
line-like bands. The spectral structures suggested that the analysis given by 
GOODMAN and KASHA was incorrect. We also identified a weak absorption spectrum 
in the vapour state as the singlet-triplet absorption spectrum. The vibrational 
analyses of these spectra will be discussed. 

In this paper, we shall give a simple and unambiguous experimental criterion 
for distinguishing an n — 7* transition from a 7 — 7* one for observed triplet 


singlet emissions of N-heterocyclic molecules, based on salt formation of non- 


honding electrons of nitrogen with acid. The experimental results suggest that 
the observed triplet-singlet transition of pyrazine is *B,,(n, 7*) —-'A, in accord- 


ance with the assignment given by GoopMAN and Kasua [1]. 


Experimental 


Pyrazine used in this study was identical with that in previous work [5]. It 
was dried with sodium hydroxide and then purified by repeated vacuum distil- 
lation before the experiment. In this experiment various solvents were used as 
rigid media, such as EPA, ethanol, petroleum ether, carbon tetrachloride, cyclo- 
hexane, dioxane, benzene, dilute hydrochloric acid of 10~-* N, water, a potassium 
hydroxide solution of 10-* N, and trichloroacetic acid in cyclohexane of concentra- 
tion ranging from 10-4 to 1 mole/l. Trichloroacetic acid was dried and purified by 
repeated vacuum distillation. Purifications of the solvents used in this experiment 
were the same as those reported previously |6-8]. Water was purified by distil- 
lation after passing through a column of Amberite [R-120 and [RA—400. 

The concentrations of sample solutions were all 10~* mole/l. In preparing the 
solutions particular care was exercised to avoid any moisture, and they were 
placed in a desiccator. A sample solution was cooled at liquid-air temperature 
and excited with an unfiltered 400 W high-pressure mercury are lamp of Toshiba 
tvpe HL-400-P. The optical set-up and other instruments used were essentially 


the same as those reported previously {6-8}. A Hilger medium quartz spectrograph 


type E2 was used throughout the work. Exposure time ranged from | min to 
20 hr, with a slit width of 100 ~ on Eastman Kodak Tri-X film or Fuji test plates 
highly sensitized for ultra-violet light. Wavelengths and intensities of the spectral 
hands were measured with a recording microphotometer which we constructed. 
It is believed that the maximum precision was —3 em! for the sharp bands. For 
somewhat weak and broad bands the accuracy of the measurements was probably 


not greater than 


Results and discussion 
The triplet-singlet emission spectrum of pyrazine was observed in EPA 
ethanol, petroleum ether, carbon tetrachloride, cyclohexane, dioxane and benzene 


51M. Iro, R. T. Kuraisut and W. Mizusaima, J. Chem. Phys. 25, 597 (1956). 

6! Y. Kanpa and R. Sumapa, Spectrochim. Acta 15, 211 (1959). 

7) Y. and R. Samana, Spectrochim. Acta 17, 1 (1961 

8! Y. Kanpa and R. Samana, Spectrochim. Acta 17, 7 (1961 
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at liquid-air temperature, and microphotometer curves of the spectra are shown 
in Fig. l(a) and (b). Spectral data and analyses are given in Tables 1-3. Pyrazine 


emitted a blue-violet phosphorescence, very strong in intensity in each of the 


solvents but rather weak in petroleum ether. The lifetime of the emission was 


about 10-7 sec by visual estimate 
When the spectra observed in rigid glass media (EPA, ethanol and petroleum 
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I lia Phosphorescence spectra of pyrazine in rigid glass solutions at 90°K 
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ether solutions) are compared with those in crystal matrices (carbon tetrachloride. 
evclohexane. dioxane and benzene media), it may be noted that there is a marked 


difference in appearance between them. The former contain several somewhat 


diffuse bands approximately equally spaced. On the other hand, the spectra 


observed in the latter show extremely beautiful fine structures with a number of 


narrow bands as if they were observed at liquid-helium temperature. The difference 


may be due to a difference in the function of rigidity in the media. The vibrational 


analyses of the two ty pes of spectra will be discussed separately. 


Although the spectrum of pyrazine in EPA was photographed upon excitation 
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with unfiltered light, some effects of filters on the emissivity were examined before- 
hand. On excitation with the Hg 3650 A group of lines it emitted no phosphor- 
escence. GOODMAN and Kasua |{1] excited the p!osphorescence with Hg 3341 A 
which corresponded to an energy a little bit lower than, or almost the same as, 
that of the lowest 'B,, state. Mercury lines of the 2536 A and 3130 A groups were 
able to excite the strong phosphorescence. Therefore the mechanism of the phos- 
phorescence is as follows: A pyrazine molecule is excited to the 'B,, state. Even 
if it is excited to the upper 'B,,, state, it goes over to the 'B,, state by internal 
conversion. Through intersystem crossing it goes over to the lowest *B,, state. 


The phosphorescence transition is *B,, —-!A 


Vibrational analyses 

(a) Spectra in rigid glass solutions 

The spectra observed in EPA and ethanol were the same as that obtained by 
GoopMAN and Kasua [1] in EPA, although our spectra were shifted somewhat to 
shorter wavelengths. On the other hand the spectrum in petroleum ether showed 
a similar appearance to that in EPA or ethanol, but it consisted of rather sharper 
bands and moreover some bands appeared to be blurred on the longer wavelength 
side. They may be unresolved new bands but their diffuseness prevented us from 
locating exact positions. The shortest wavelength band at 26.170 cem~! in EPA, 
at 26,250 cm~ in ethanol, or at 26,405 em~! in petroleum ether was taken as the 
0.0-band of the system. GoopMawn and Kasna {1]| found a simple progression of 
the frequency 615 cm~! in the EPA spectrum. The frequency 615 cm~! was also 
found in our EPA or ethanol spectrum, but the intensity of the third band was 
stronger than that of the second band as can be seen in Fig. l(a), and it seems 
improbable that the frequency could make such a simple progression with intensity 
alternation since the frequency belongs to an a, vibration. GoopMAN and KasHa 
recorded the spectrum with a Beckman spectrophotometer model DK—1, but their 
curve for the pyrazine spectrum involved no correction due to sensitivity of the 
photomultiplier tube. It is possible that their third band could be at least equal in 
intensity to the second band with rough correction. Moreover, the third band in 
the curve for 2:5-dimethylpyrazine in their paper was obviously stronger in intensity 
than the second even without correction. On the other hand, the spacing 615 em~! 
between the 0.0-band and the second band in the spectrum of pyrazine in EPA or 
ethanol was seen to decrease to 605 cm~' in petroleum ether, while the spacing 
between the 0,0-band and the third band remained almost unchanged in three 
media within experimental error. The latter spacings were 1225 em! in EPA. 
and 1230 em-~! in ethanol and in petroleum ether. Therefore it is impossible to 
understand that an overtone band of the frequency 605 em~! corresponds to the 
spacing 1230 cm~! in the spectrum in petroleum ether. 

Raman and infra-red spectra of pyrazine were first reported by us [5], but 
Lorp et al. [9] gave a detailed analysis with their own data on Raman and infra-red 
spectra. We will use their values in this paper, because their vibrational analysis 


is more complete. The frequency 615 cm~! observed in EPA and in ethanol or 


Lornp, A. L. Marston and F. A. Spectrochim. Acta 9, 113 (1957). 
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605 em~' in petroleum ether in this experiment was ascribed to an a, ring deforma- 


tion vibration of 609em~'. The frequency is seen to decrease with decreasing 
polarity of the medium. The frequency 1225 em~! in EPA or 1230 em~ in ethanol 
and in petroleum ether is attributed to a C—H bending a, vibration of 1232 em~. 
The frequency 1232 cm~! is seen to form a main progression, and the frequency 


609 cm appears in combination with it. It is a little surprising that such a C—H 


bending vibration appears strongly and constitutes a main progression of the 
spectrum instead of the frequency 615 c¢m~' as GoopMAN and KasuHa reported. 


Table 1. Phosphorescence spectra of pyrazine in rigid glass solutions at 90°K 


In ethanol In petroleum ether 


In EPA 


Assignment 
ave- Le ave- te ave- tel. - 
Way | Wavy Rel Wavy Ap 


number int. number int. number int. 


26.170 10 26.250 Ww 26.405 10 0 OO 

25.555 6 615 25.635 7 615 25.800 7 605 0, 609 

24.045 7 1225 25,020 7 1230 625,175 7 1230 60, 1232 

24,325 4 24,405 5 1845) 24,565 5 0, 1232 609 

23,715 2 2455 23.790 3 2460 923.950 3 2455 0, 1232 2 

23.095 l 3075 23,175 2 3075 23.340 2 3065 0, 1232 2 609 

22.400 3680 22,570 l 3680 22.720 l 3685 0, 1232 3 
21.950 O-5 $00 4290 1232 3 609 


That the ring deformation frequency in the EPA or in the ethanol spectrum was 
larger than that in petroleum ether might be due to high sensitivity of this mode 


of vibration to hydrogen bonding between nitrogen atoms of a pyrazine molecule 


and ethanol molecules. The phosphorescence spectrum of pyrazine in EPA or in 


ethanol was not due to pyrazine molecules themselves but hydrogen-bonded 


pyrazine with ethanol. Therefore the discussion of the analysis for the spectrum 


in EPA or ethanol does not prove trustworthy and the analysis for the spectrum 


in petroleum ether must be taken as a standard for the discussion. 


A question might arise whether the 609 cm~! progression could exist overlapped 


by the 1232 em”! progression in the spectrum. Then each overlapped band would 


split into a doublet by resonance between the two vibrations since both vibrations 


are of a, species and the overtone frequency of 609 cm~! is approximately equal 


to the frequency 1232 cm~'. However, a careful examination of each band proved 


that there was no such splitting in the spectrum. If it could have been the case 


the band 1232 em~! in the Raman spectrum should also have split into a doublet 


by resonance with the overtone frequency of 609 cm~'. However this is contrary 
5, 9). 


to the experimental results in the Raman spectrum 


(b) Npectra in crystal matrices 


The spectrum in carbon tetrachloride showed a markedly different spectral 


pattern from those in other solvents. Each band in the spectrum was seen to split 


into a doublet whose separation was about 290 cm~', and the shorter wavelength 


components were a little stronger in intensity than the longer wavelength ones as 


Is 
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can be seen in Fig. 1(b). Doublet bands of the shortest wavelength at 26.460 em-! 
and at 26,170 cm~! were taken as the 0,0- and the 0*.0-bands of the systems. The 
band at 26,460 cm~! was most intense, and was a little blurred on the shorter 
wavelength side. The microphotometer tracing indicates a slight shoulder there, 
but it was impossible to locate it exactly on either the tracing or on the original 
photographic film and plates. If there were a band, it must be ascribed to another 
splitting component or to a halation pattern of the band at 26,460cm-!. The 
origin of the band splitting caused by carbon tetrachloride crystal is now under 


Table 2. Phosphorescence spectrum of pyrazine in carbon tetrachloride matrix at 90°K 


Wave- Relative 


Assignment 
number intensity 


26,460 10 0 
10 

609 

609 


24.630 
24,340 
24,010 
23,720 
23,405 
23,115 
22,795 3665 
00 3960 
22,180 4280 
21,890 1570 
21,570 $890 


to te bo 
bo te 


to te te te 


609 
609 


to te to te 


wa ww 
te 


to 


to bo to bo 


investigation. The frequencies 609 ¢m~' and 1232 cm~! were found here as 595 
and 1235 cm respectively. The analysis is essentially the same as that 
of the spectrum in petroleum ether, and is given in Table 2. 

The solvents such as cyclohexane, dioxane and benzene are of particular 
interest for the phosphorescence spectrum of pyrazine. because their molecular 
shapes, especially that of benzene, resemble that of pyrazine better than those of 
other solvents. Therefore it may be expected that the pyrazine molecules are 
well embedded in the matrix crystal of these solvents in such a way as to give 
extremely fine structure in the spectra even at liquid-air temperature, analogously 
to benzene in cyclohexane matrix {10}. 

The phosphorescence spectra in these crystal matrices showed extremely 
beautiful fine structure. General appearances were essentially the same as for the 
spectrum in petroleum ether, but the spectra are much more complicated. Each 
band was as sharp as a line in an atomic spectrum, and was split into a doublet 
whose separations were equal to 63 cm~! in the three media. The shorter-wave- 
length component was much stronger in intensity than the longer-wavelength one. 


10) H. Sponger, Y. Kanna and L, A. BLACKWELL, Spectrochim. Acta 16, 1135 (1960). 
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The shortest wavelength doublet bands at 26,518 and 26,445 em~', at 26,417 
and 26.355 em~!, and at 25,986 and 25,923 em~! were taken as the 0,0- and 0*,0- 
bands of the spectra in cyclohexane, dioxane and benzene, respectively. The 
frequency 1232 em~! constituted the main progression and the frequency 609 cm~! 
appeared in combination bands with the frequency 1232 cm~! as in the case of 
petroleum ether. Frequencies found here were 1232, 1235 and 1230 ecm~', and 
602, 600 and 599 em~ in cyclohexane, dioxane and benzene, respectively. These 
band series were in general very strong in intensity, and the analyses were essen- 
tially the same as that of the spectrum in petroleum ether. On the other hand there 
were somewhat weak but sharp additional bands besides the above strong bands. 
These bands corresponded to the frequencies 758, 759 and 759 em~'; 1013, 1014 
and 1010 em~!; and 1501, 1502 and 1513 em~'! in eyclohexane, dioxane and benzene, 
respectively, and several combinations of these with 609cm~! and 1232 em ™!. 
The first three kinds of frequencies were ascribed to the Raman bands 753 em~! 
(b,,). 1015 em~! (a,), and the overtone of the 753 em~! (b,, b,, a,), respectively. 
There is an alternative possibility that the 758, 759 and 759 em~!, and 1501, 1502 
and 1513 em~! bands might be attributed to strong Raman bands 703 em~! (6,,) 
and 1523 em~! (b,,), respectively. However, these bands are extremely sharp and 
narrow, and it is believed that the accuracy of measurement is not less than +3 
em~'. Therefore the latter assignment does not seem tenable. On the other hand, 
that the band 1501, 1502 or 1513 em~!(753 « 2) was stronger in intensity than 
the band 758. 759 or 759 em~! conforms well with the former assignment since the 
symmetry of the overtone is totally symmetric. 

There is other evidence that the frequency 1501, 1502 or 1513 em~! cannot be 
ascribed to 1523 cm~! (b,,). Since the lowest triplet state of pyrazine is of B,,, 
symmetry as already mentioned (to be discussed further in the next section), the 
transition for the phosphorescence is allowed by symmetry although it is forbidden 
by spin multiplicity. If a vibration of b,, symmetry would appear in the ground 
state, the transition would be a *B,, —-'B,,. This is forbidden by both symmetry 
and multiplicity. 

The spectrum in benzene was found to have a little different structure from 
that of the spectrum in cyclohexane or dioxane. It consisted of a great many 
clearly resolved bands of the greatest sharpness among the spectra in three mat- 
rices. Moreover, one of the most remarkable differences was the occurrence of a 
new band at 25,586 cem~', which was very weak in intensity and separated by 
400 cm! from the 0,0-band. This frequency was never found in spectra in other 
media even though the latter were photographed with prolonged exposure time. 
It must be attributed to the out-of-plane ring deformation vibration 417 cm~ of 
b.,, symmetry, since there is no other vibration that has a frequency of this order 
of magnitude according to Lorp ef al. It is surprising that the ),, vibration could 
appear in the emission spectrum, for a u-type vibration is prohibited to appear 
since the phosphorescent state is of B,, symmetry. The occurrence of the u-type 
vibration suggests that the shape of a pyrazine molecule in benzene matrix may 
no longer be of ),, but reduced to a lower, possibly C,,, symmetry. In this case 


the vibration 417 cm~' becomes of b, species. However, the degree of deformation 


of a pyrazine molecule may be quite small since the intensity of the 400 em~! band 
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Table 3. Phosphorescence spectra of pyrazine in cyclohexane, 
dioxane and benzene matrices at 90°K 


In cyclohexane In dioxane In benzene 
Assignment 
"ave- tel. "ave- tel. Wave- 
number int. Ar number int. number int. 
26.518 10 26,417 10 25,456 10 0 
26.445 9 26,35) ( 25,923 63 
l 100 
661 
759 
827 
1OLO 
1071 
1230 
1292 
1362 
1513 
1576 
1620 
1684 .* 609 1015 
1824 » 1232 609 
1862 , 1342 516 
1921 1232 609 
1981 , 753 
2030 2 
2115 609 753 
2170 .* 753 
2241 233 LOLS 
2312 232 LOLS 
2451 232 d 
2517 23: 
2634 , LOLS 
2739 q 233 753 
2796 23: 753 
PROG 609 O15 
3052 233 2 609 
3085 235 1342 516 
3118 22,84: 3144 23: 2 609 
3263 233 2 
3342 22.05 : 3336 ; 23; 609 753 
3369 
3472 22,535 3451 
3524 
3702 22,002 3684 
3748 
3869 
3967 22,0: 3961 
1026 
$007 21.905 408] 
4317 21,682 q 4304 
$366 
4597 21. 4578 
4712 21,275 | 4711 
4027 21,07 1909 
5197 
5307 
O80 5537 20,470 5516 


1502 
1567 


1607 


5 
3 
3 
2 
3 
3 
2 
3 
l 
3 
3 
2 


6 


3056 


te te 


1015 
753 2 
753 2 
609 LOLS 
609 
609 
609 753 
1015 


753 
609 
609 


was very weak and the general appearance of the spectrum was very similar to 
that of the spectra in cyclohexane and dioxane. 

The other difference was that the combination bands of the frequency 609 em-! 
with the frequency 1232 cm~! and its overtone (1232 « v + 609 em~') were seen 
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to split into doublets, whose separations were about 35 em~! and the two compon- 


ents of each doublet were of equal intensity. On the other hand, all other bands 
but these doublets did not show this type of splitting. The band appearances 
suggest that the splittings may be due to Fermi resonance of certain combination 
vibrations with the combination vibrations of 1232 « v + 609em~'. The first 
doublet bands were separated by 1824 and 1862 cm~' from the 0,0-band. 
Frequencies of possible combination bands comparable with the frequency 1841 
em™~! of an a, vibration [1232 (a,) — 609 (a,)], are the following: 


Symmetry of the combination for: 


Ds, 
1148 (b,,) 703 (b,,) 
1821 (4,,) L118 (b,,) — 703 (b,,) 
(b,,) 1118 (4,,) 753 (b,,) 
1826 (b,.) 1022 (,,,) 804 (b,,) 
1830 1490 340 (a_) 
1835 (b,,) 1418 (b5,) 417 (bg,) 
IS19 1015 (a,) 804 (b,,,) 


1858 (4,,) 1342 (b,,) 516 (b,,) 


None of these seems to be a reasonable component which can give rise to a Fermi 
resonance with the frequency 1841 em~'. so far as pyrazine belongs to point group 
D,,. However if the symmetry of pyrazine is reduced from D,, to (,, (probably a 
shallow boat), the symmetries of the above eight combinations are reduced to those 
given in the last column. 

It is obvious that only the last one can couple with the band 1841 em~. 
Therefore the observed doublet at 1824 and 1862 em~' is ascribed to splitting due 
to the Fermi resonance between 1232 (a,) HOY and 1342 (4,) 516 
when pyrazine is deformed to (,, symmetry owing to the crystal forces of the 
benzene matrix at liquid-air temperature. The other doublets are also attributed 
to the Fermi resonance between combination bands of 1232 » v — 609 em~! and 
1232 (v 1) 1342 + 5l6cem™~'. It is concluded, therefore, that the occur- 
rences of the band 417 cm~' and the Fermi resonance show the deformation of 
pyrazine from D,, to C,, point group in a benzene matrix at liquid-air temperature. 

Similar unusual spectral features due to deformation of molecular shape in a 
crystal matrix were also found in the phosphorescence and near ultra-violet 
absorption spectra of benzene in carbon tetrachloride matrix at liquid-nitrogen 
temperature | 5}. 

Assignment of the transition 


GoopMAN and SHULL [11, 12] gave a theoretical criterion for making a qualita- 


tive distinction between 7*) and (7, 7*) orbital types of a triplet—singlet 


GoopMAN and H. SHuLt,. *hys, 22, 1138 (1954) 
, GoooMAN and H. SHULL,. em. Phys. 27, 1388 (1957 
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transition based on substitutional perturbation. GoopmMaNn and Kasua [1] applied 
the criterion and assigned the observed emission of pyrazine to a *B,,(n, 7*) —> 1A. 
transition from the fact that the spectrum exhibited a blue-shift upon conjugative 
substitution. We will also discuss the transition on the basis of solvent effects and 
propose a simple and unambiguous experimental method for distinguishing an 
n — 7* transition from a 7 — 7* one. It is based on salt formation with acid 
molecules. In an acid salt of pyrazine, non-bonding electrons in lone pairs on 
nitrogen atoms may be bound fairly strongly by protons and may not be excited 


7 


into an unoccupied 7*-orbital as easily as those in a free pyrazine, and the spectrum 


in KOH 10°? N 


in HCl 10°? N 


AFTER ALKALIFIED 


4 oft 4. 4. 


21000 23,000 25,000 27000 


Fig. 2, Phosphorescence spectra of pyrazine in alkaline and acidic solutions at 90°K. 
due to an n 7* transition should suffer a greater change than that of a z 
transition. 

The phosphorescence spectra of pyrazine in a dilute hydrochloric acid solution 
of 10-* N and in a potassium hydroxide solution of 10-2 N at liquid-air temperature 
are shown in Fig. 2. Pyrazine was dissolved at 10-? mole/l. in the acidic and 
alkaline solutions. As can be seen in the figure, in the alkaline solution, the spec- 
trum appeared in the same region as that of the ordinary pyrazine spectrum but 
was very diffuse, whereas in the acidic solution the spectrum disappeared from 
this region. The band on the long wavelength side may be due to impurity in the 
sample. When a potassium hydroxide solution was added little by little to the 
acidic solution containing pyrazine of 10~% mole/l. the pyrazine spectrum suddenly 
reappeared when the pH of the mixed solution passed through the neutral point. 
This fact suggests that the emission spectrum of triplet—singlet transition should 
be of an (n, 7*) type. 

When a suitable acid is added carefully to a pyrazine solution in a non-polar 
solvent, we can see by observation of a series of absorption and emission spectra 
of these solutions that the acid may at first bind the non-bonding electrons on one 
of the nitrogen atoms and then the electrons on the other nitrogen atom. In this 
case the acid and the acid—pyrazine complex must be soluble in the solvent. 
Trichloroacetic acid was fitted for the purpose because it is a fairly strong acid, its 
salt with pyrazine is easily soluble in cyclohexane, and when the acid was added 
to benzene in cyclohexane solution it did not give a great change in the character- 
istic features of the benzene spectrum. 

Solutions of trichloroacetic acid in cyclohexane of concentrations ranging from 
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| to 10-5 mole/l. were prepared, and pyrazine was dissolved in them. The near 
ultra-violet absorption spectra of these solutions were measured with a Hitachi 
automatic recording spectrophotometer model EPS-2. The absorption curves are 


shown in Fig. 3(a) and (b). The concentration of pyrazine was 10~* mole/I. in 


the region of the 7 — z* transition and 10~-* mole/|. in the x 7* region. Refer- 


ence solutions of trichloroacetic acid in cyclohexane of the same concentration as 


those of the sample solutions were used in order to cancel the absorption due to 
the acid. As can be seen in the figures, trichloroacetic acid did not produce much 


change in the 7 — 7* spectrum, but in the » — 7* spectrum it gave rise to a 


considerable change in spectral structure with increasing concentration of the acid. 
We will follow the change of the spectrum in the n — 7* absorption system in some 
detail, for it is the system in which we are interested. 

The absorption spectrum of a pyrazine solution of 10~* mole/l. containing 
trichloroacetic acid of 10~* mole/!. had almost the same structure as that of the 
pyrazine solution without the acid. No doubt this spectrum is due to free pyrazine 
remaining in excess in the solution. The 0,0-band of the system was the strongest 
band at 30,640 em~'. Ina solution containing 10~* mole/|. of the acid, the spectral 
appearance was a little different from that in the above two solutions. Intensities 
of the bands in the longer-wavelength side were much decreased, and several small 
humps were found on the shoulders of several bands. This indicates that the 


concentration of free pyrazine was considerably decreased and that of protonated 


pyrazine was increased to a detectable quantity in this solution. 
At a concentration of 10-* mole/l. of the acid the change of the spectrum was 


remarkable. It consisted of quite new bands which were observed as humps in the 


solution containing 10~* mole/l. of the acid. The bands due to free pyrazine lost 


their intensity and remained almost indistinctly on the sides of new bands. In 
the solution at this concentration of the acid, a pyrazine molecule is regarded as a 
pyridine-like monoprotonated structure. Of course, three structures, i.e. free. 


mono- and di-protonated pyrazine, should exist in the solutions according to 
equilibrium constants. We attribute the new band system to monoprotonated 
pyrazine, whose 0,0-band was a rather weak band at 31,020 cm~', shifted by 
380 cm~! to the shorter-wavelength side from the 0,0-band of the spectrum due to 


free pyrazine. 

With increasing concentration of the acid, the acid begins to bind the non- 
bonding electrons of the second nitrogen atom. In the spectrum in a solution 
containing 10-' mole/l. of the acid, the bands due to monoprotonated pyrazine 
lost their intensity and became quite diffuse. At the concentration of | mole/I. 


of the acid no band was observed. In the solution at this concentration of the acid. 


almost all of pyrazine is regarded to have diprotonated structure, and the intensity 


of the n 7* spectrum has become undetectable. 
Now, it can be expected that if the observed triplet—singlet emission of pyrazine 
is due to a 7 — z* transition, the spectral appearance may suffer very little change 


with increasing concentration of trichloroacetic acid in the pyrazine solutions, 


while, if the emission is due to an n — 7* transition, the spectral structure should 
suffer much change parallel to the change observed in the n — 7* absorption 


spectrum with increasing concentration of the acid. 
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The phosphorescence spectra of the pyrazine solutions of 10-* mole/I. containing 
trichloroacetic acid ranging from | to 10-4 mole/l. were observed and microphoto- 
meter tracing curves of the spectra are shown in Fig. 4. As can be seen in the 
figure, the spectral structure was exactly the same as that of pyrazine in a cyclo- 
hexane solution up to the concentration of 10-3 mole/l. of the acid. An abrupt 
change happened at the concentration of 10-2 mole/l. of the acid. The spectral 
appearance in this solution suggests that two spectra due to different species are 
superimposed on each other. If their band positions are taken into account. a 


ACID 
PYRAZINE MAL 


22,000 26,000 


Fig. 4. Phosphorescenc: spectra of pyrazine with trichloroacetic acid at 90°K 


series of rather weak bands may be the spectrum due to a little free pyrazine 
remaining in the solution, and the 0,0-band of this system is the shortest wave- 
length band, weak in intensity, at 26.520em-!. On the other hand. the other 
fairly strong system whose 0,0-band is the second shortest wavelength band at 
26.145 em~'! with strongest intensity may be due to monoprotonated pyrazine. 
It should be noted that the 0,0-band of the spectrum due to monoprotonated 


pyrazine showed a red-shift by 375 cm~'! from that of free pyrazine contrary to 


the case of the ultra-violet absorption where a blue-shift of 380 em— was observed. 
The frequencies 609 cm~' and 1232 em-' were found here as 610 and 615 em-!, 
and 1225 and 1230 ¢m-~! in the spectra of free and monoprotonated pyrazines, 
respectively. It is interesting to see that the general spectral appearances were 
rather close to that in ethanol instead of that in cyclohexane. In a solution 
containing 10-! mole/l. of the acid, the amount of free pyrazine decreased con- 
siderably so that only the 0,0-band of the spectrum due to free pyrazine could be 
detected, and besides the spectrum due to monoprotonated pyrazine also lost its 
intensity. This probably indicates that the amount of diprotonated pyrazine 
increased but that of monoprotonated pyrazine decreased. The 0,0-bands of 
the spectra of free and monoprotonated pyrazines were at 26.480em~-! and 
26,110 cm", respectively, in this solution. In this case, the 0,0-band of the 
former spectrum shifted by 370 em~! to the red from that of the latter one. Upon 
comparison of the positions of the 0,0-bands of the spectra in the acid solution of 
10-* mole/l. with that in the solution of 10~-! mole/l. of the acid, it was found that 
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the latter shifted a little bit to the red. The spacings of the shifts were 40 cm! 
and 35em~! in the spectra of free and monoprotonated pyrazines, respectively. 
In a pyrazine solution containing | mole/!. of the acid, the emission spectrum 
disappeared completely from the region and a rather weak continuous background, 


lable 4. Phosphorescence spectrum of pyrazine in cyclohexane 
with trichloroacetic acid at 90°K 


Wave- Relative 
number intensity 


Ai Abt Assignment 


(a) Concentration of pyrazine is 10-3 mole/|l. and that of trichloroacetic acid is 10 2 mole/|. 


26.520 6 


609 


609 


3070 
6040 


3075 
5660 


(h) C'oncentration of pyrazine i lO 3 mole l. and that of trichloroacet ‘acid is 10 ] mole a 


26.480 0 
26.110 


25.500 609 


609 


Denotes the bands due to monoprotonated pyrazine. 


probably due to impurity, appeared in the long wavelength region. This pheno- 
menon is exactly parallel to that observed in the ultra-violet absorption spectrum 
due to the » — 7* transition. 

These facts suggest that the lowest triplet state of pyrazine must be an (n, 7*) 
state. The transition is *B,, —'A,, and in benzene matrix the transition is 
3B, --'A, where pyrazine is assumed to be of C,, symmetry as discussed pre- 


viously. A detailed discussion of these experimental results will be reported 


elsewhere. 


| 
0.0 
26.145 10 375 0 
25.910 2 610 | _ 
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Singlet-triplet absorption spectrum 

While we were carrying out our previous study on the near ultra-violet absorp- 
tion spectrum of pyrazine vapour |13], we found several weak but distinct absorp- 
tion bands at much longer wavelengths. These banas were too far from the 
\B,, "A, transition system, and band spacings were too different, to be ascribed 
to that electronic transition. Ivo supposed that this band series might be due to a 
singlet-triplet absorption of pyrazine, but there was no experimental evidence to 
prove it at that time. 

The longest wavelength band at 26,820 cm~' observed in this system is quite 
close to the positions of the 0,0-bands of the phosphorescence spectra observed in 
this study. Goopman and Kasua [1] observed several weak absorption bands 
ranging from 26,550 cm~! in a rather concentrated isopentane solution at 293°K. 
They assigned this new band series to a singlet-triplet absorption spectrum of 
pyrazine and took the longest wavelength band at 26,553 em~' as the 0,0-band of 
the system, but they have not given exact locations of the other bands. Sub- 
sequently Hirt [3] observed a weak set of three bands in a concentrated cyclo- 
hexane solution at 26,600, 27,250 and 27,800 em~', and he also assigned this band 
series to the singlet-triplet transition. If we compare our absorption bands with 
theirs. it is seen that our absorption system is approximately the same as theirs. 
It is one of a few examples so far as we know whose singlet-triplet absorption 
spectra were observed in the vapour. 

The spectrum was photographed with a large quartz spectrograph at various 
vapour pressures which were controlled by changing the temperature of a cell of 
40 cm in length from 120° to 250°C. Details of the experiment were given in a 
previous paper 

The singlet-triplet absorption spectrum of pyrazine vapour consists of several 
weak but comparatively narrow line-like bands. The inherent weakness of the 
absorption bands makes the microphotometer tracing difficult. It is believed that 
the maximum precision was +3 cm~! for fairly strong bands, and for somewhat 


weaker bands the maximum accuracy of the measurements was probably not 


greater than +20 cm Spectral data and the tentative analysis are given in 
Table 5. The spectrum starts with the longest wavelength band at 26,820 em~! 


which is strongest in intensity in this series and was taken as the 0,0-band of the 


Table 5. Singlet-triplet absorption spectrum of pyrazine vapour at 120°-250°C 


Wave- Relative Tentative 
number intensity assignment 


27.440 0, 609F 
27,812 y 0, 1LOLSt 
27.935 0, 1232+ 
28.040 0, 609F 2 


for 0, 15847 (a,)) 


+ Denotes frequencies in the ground state. 


13) M. R. Samana, T. and W. Mizvsuima, J. Chem. Phys. 26, 1508 (1957). 
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system. Bands follow to the shorter wavelength side with decreasing intensity 
and a tail of the spectrum overlaps with the onset of the 'B,, <'A, system. The 
band at 27,440 cm~!, separated from the 0,0-band by 620 cm~, is fairly strong in 
intensity and the interval of 620cm~! was attributed to the frequency of the 
totally symmetric ring deformation vibration in the first excited *B,,, state, whose 
frequency in the ground state is 609em~'. This vibration was also found most 
strongly in the 'B,, <'A, system with the frequency of 584 em~'[13], or 585 em™! 
[3]. Bands separated by 992, 1115 and 1220 em from the 0,0-band were observed 
and these were tentatively assigned as triplet-state frequencies whose correspond- 
ing ground-state frequencies are 1015, 1232 and 609 2ecm™! (or 1584 em"! 
totally symmetric ring deformation vibration), respectively. 
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Abstract—The phosphorescence spectrum of pyrimidine has been studied at 90°K in various 
media, such as ethanol, dioxane, cyclohexane and benzene. The phosphorescence has a lifetime 
of about 10-*sec. The spectrum in cyclohexane consists of well-resolved bands but in other 
solvents it shows diffuse structure. Vibrational analyses of the spectrum are discussed mainly for 
the spectrum in cyclohexane. Results of solvent effects on the phosphorescence spectrum 
suggest that the observed triplet-singlet transition of pyrimidine is *B,(n, 7*) —1'A,, and that 


the second excited (7, 7*) triplet level is located just above the (”, 7*) triplet level. 


Introduction 
IN SUCCESSION to a previous work on the phosphorescence spectrum of pyrazine {1}, 
a study of the spectrum of pyrimidine will be presented in this paper. A number 
of spectroscopic works have been reported on pyrimidine. The ultra-violet 
al sorption spectrum was first observed by Heyrotru and Loornovurow 2] in an 
aqueous solution. User and Winters [3] and User [4] observed the pyrimidine 
spectrum in the vapour state and found several broad bands in the range 2300 
2800 A and about one hundred sharp line-like bands in the 2700-3300 A region. 
Hatverson and Hirer [5] studied the vapour spectra of diazines and indicated 
that their two major band systems belonged to allowed transitions. They [6] also 
investigated the spectra of the diazines and their halogen and alkyl halide deriva- 
tives in various solutions. They compared positions of observed spectra of the 


diazines with results calculated by a valence bond method and assigned the sharp 


line-like band system near 30,000 cm~! to an ” —> 7* transition and the broad band 
svstem near 40,000 cm ' to a aw-—-* transition, taking solvent effects on the 
spectra into account. The vibrational spectrum of pyrimidine was measured by 
Marston [7], Brown ie [8], SHort and THompson [9] and [ro ef al. [10] Rather 


complete infra-red and Raman data of the diazines were presented by Lorp et al.[{11] 


Acta 17, 14 (1961). 
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9, 777 (1941 
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oc. 3062 (1950). 
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They analysed the observed spectra in detail and gave a complete set of the 
fundamental frequencies for each of three molecules. [ro ef al. [12] calculated the 
7 -—»>7* and n —> 7* transition energies for the diazines by an MO method. Goop- 
MAN and HARRELL [13] also calculated the n — 7* transition energies in N- 
heterocyclic molecules by an LCAO-MO approximation. Their calculated values 
of energies for singlet (n, 7*) and triplet (n, 7*) states were in fairly good agreement 
with observed ones. They cited an (n, 7*) triplet-state energy of pyrimidine 


observed by KasnHa and co-workers [14] in their table. They also discussed 
conjugative substitution effects on n — 7* transition energies in diazine molecules. 
More recently, Mason [15] gave a more comprehensive treatment of n — x* 


absorption spectra of monocyclic azines. 


We studied the triplet—singlet emission spectra of pyrimidine in various media, 


i.e. in water, ethanol, dioxane, cyclohexane and benzene at liquid-air temperature. 


The spectra observed in dioxane, cyclohexane and benzene showed well-resolved 


band structures, but those observed in the other solvents gave broad and diffuse 


bands although the spectral contours were the same as those in the former. Vibra- 


tional analyses of these spectra will be discussed. Solvent effects on the spectra 


will also be discussed in relation to the question whether the lowest triplet state 


should be of (n, 7*) type or of (7, 7*) type. 


Experimental 


Pyrimidine used in this study was identical with that in previous work {10}. 


It was dried with sodium hydroxide and then purified by repeated vacuum distil- 


lation before the experiment. The melting point was 21°C in agreement with data 


in the literature. The purifications of the solvents, i.e. ethanol, petroleum ether, 


varbon tetrachloride, dioxane, cyclohexane and benzene, were exactly the same as 


those reported previously [16-18]. In this experiment, water, dilute hydrochloric 
acid of 0-1 N, a potassium hydroxide solution of 0-1 N, and solutions of trichloro- 


acetic acid in cyclohexane of concentration ranging from 10-4 to 1 mole/l. were 


also used as rigid media. ‘Trichloroacetic acid was purified by repeated vacuum 


distillation. Pyrimidine was dissolved in each solvent at the concentration of 


10-3 mole/!. A sample solution was cooled at liquid-air temperature and excited 
with an unfiltered 400 W high-pressure mercury are lamp of Toshiba type HL—400 
P. The optical set-up and other instruments used in this work were the same as 


those reported previously [1]. A Hilger medium quartz spectrograph type E2 was 


used throughout the work. Exposure time ranged from 1 min to 30 hr on Fuji 


special test plates highly sensitized for ultra-violet light, with a slit width of 100 w. 


The sample solution, which gave weak phosphorescence and took long exposure 


time, was replaced with a fresh one every 3 hr, since pyrimidine in the solution 


[12] M. Ivo, R. Saimapa, T. Kuratsut and W. Mizusuima, J. Chem. Phys. 26, 1508 (1957). 
[13] L. Goopmawn and R. W. Harre yr, J. Chem. Phys. 30, 1131 (1959). 

[14] M. Kaswa and co-workers. Unpublished work. 

{15| 8S. F. Mason, J. Chem, Soc. 1240 (1959) 

[16] Y. Kanna and R. Surana, Spectrochim. Acta 15, 211 (1959). 

[17] Y. Kanpa and R. Suimapa, Spectrochim. Acta 17, 1 (1961). 

[18] Y. Kanpa and R, Surana, Spectrochim. Acta 17, 7 (1961). 
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slowly decomposed during strong illumination by ultra-violet light. Wavelengths 
and intensities of the spectral bands were measured with a recording microphoto- 
meter which we constructed. It is believed that the maximum precision was 
-3 em! for the sharp bands. For somewhat weak and broad bands the accuracy 
of the measurements was probably not greater than +-30ecm~'!, and for very 
diffuse bands such as were observed in water or ethanol the accuracy is believed 
to be much less. 
Experimental results 
The triplet-singlet emission spectrum of pyrimidine was observed in water. 
ethanol, petroleum ether, carbon tetrachloride, dioxane, cyclohexane and benzene 
at liquid-air temperature. The microphotometer curves of the spectra are shown 
in Fig. | and the spectral data are listed in Table 1. Pyrimidine emitted blue 


4 i iL 4 


i 
24,000 26,000 28,000 cnt" 


22,000 


Fig. 1. Phosphorescence spectra of pyrimidine in water, ethanol, dioxane, cyclohexane and 
benzene at 90°K. 


phosphorescence, very strong in intensity in carbon tetrachloride, dioxane, cyclo- 
hexane and benzene, weak in intensity in water and ethanol, and weak blue—green 
in petroleum ether. The lifetime was about 10~-* see by visual estimate in each 
of the solvents. The spectrum observed in cyclohexane exhibited the finest 
structure. Each band was seen to split into a doublet. The shorter wavelength 
component was somewhat broad and degraded toward the longer-wavelength side, 
while the other component was extremely sharp and narrow (comparable to an 
atomic spectral line) and a little weaker in intensity than the former. Sometimes 
we obtained a non-split spectrum in which the sharp component disappeared. It 
was probably due to a condition under which the sample was frozen, but unfortu- 
nately, we were unable to regulate the occurrence of both spectral types with our 
technique. Parts of microphotometer curves of the two types of emission are 
given in Fig. 2. The spectra in benzene and in dioxane gave well-resolved band 
structure, although each band was not as sharp as that in cyclohexane, and did 
not exhibit band splitting. The spectra in other solvents were similar in general to 
those in the above media, but consisted of such broad and diffuse bands that exact 
positions of the bands were not measured with good precision. This made vibra- 
tional analyses difficult. The spectrum in carbon tetrachloride showed a somewhat 
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different structure which consisted of very diffuse bands. It is believed that the 
obscure structure was due to complicated band splitting caused by the carbon 


tetrachloride matrix. The spectrum in petroleum ether was entirely different from 


those in other solvents. The vibrational analysis suggested that pyrimidine in 


petroleum ether exposed to strong ultra-violet light might decompose, and the 


spectrum obtained would be due to decomposed products. We will omit those two 


spectra from further discussion 


Discussion 


V thrational analysi 


Since the spectrum in cyclohexane consisted of the most clearly resolved bands, 


/\ \ 
Wr 
\ 


4 4 
25,000 26000 27000 28000 cnr’ 
Fig. 2. Two types of phosphorescence spectra of pyrimidine in « yelohexane at 90K. The ’ 
top tracing is the single-band spectrum and the lower is the split-band spectrum, (Only part v ware 
of the spectrum is shown, 17 
96 


and its structure was essentially the same as those in other solvents. a vibrational 
analysis will be discussed mainly on the spectrum in cyclohexane. 


As has already been described, a cyclohexane matrix gave two types of emission 


spectra. One exhibited band splitting of about 100 em~! while the other did not. 


depending on the preparation of a sample matrix. A broad band system in the 


split-band spectrum was identical to the single-band spectrum. for band shapes and 
} / 


wavelengths of broad bands in the former were exactly the same as those of 


corresponding ones in the latter as can be seen in Fig. 2. Although an exact origin 


of the doublet splitting is not vet fully understood, it is assumed that there are 


two kinds of main sites to be occupied by pyrimidine molecules in the cyclohexane 


crystal, and pyrimidine molecules in two different sites are subjected to slightly 


different forces by the surrounding matrix crystal. The spectral doublet may arise 


from these two different modifications of pyrimidine. 


Raman and infra-red spectra of pyrimidine were reported by us [10], but as 


Lorp et al. [11] gave a detailed analysis of their own data on Raman and infra-red 


spectra, we will use their values throughout in this paper. The symmetry axes are 


defined in such a way that the y-axis is chosen perpendicular to the molecular 


plane and the z-axis as the principal axis. 


Doublet bands of the shortest wavelength at 28.332 and 28.218 cm~'! were 


taken as the 0.0- and 0*.0-bands of the narrow and broad band systems, respec- 


tively. The second shortest wavelength doublet at 27,651 and 27.538 cm~ was 


distant by 681 and 680 cm~! from the 0.0- and 0*,0-bands. respectively, and no 


doubt these frequency intervals can be assigned to a non-planar b, ring deformation 
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vibration of frequency 679 cm~'. The third band group is much broader than the 
two just-mentioned groups and apparently exhibits no distinct band splitting. 
However, the band proved to have three intensity maxima after careful observation. 
A maximum in the middle at 27,193 em~!, separated by 1139 cm~ from the 0,0- 
band, was stronger in intensity than the other maxima, and this band was assigned 
to a totally symmetric H bending vibration of frequency 1141 em-'. On the other 
hand, a maximum of shorter wavelength at 27,260 em-' was separated from the 
0.0-band by 1072 cm~' and this was associated with a totally symmetric ring 
deformation vibration of frequency 1066 em~'. Much diffuseness of this band may 
be due to the fact that it is in Fermi resonance with a combination frequency of 


344(b,) 722(b,) 1066(a,) em~! 


as was observed in the Raman and infra-red spectra of pyrimidine. A satellite 
band—a splitting component of longer wavelength—of the band (0*,1066) would 
he expected to be at 27,160 (= 27,260 100) em~', but it would overlap on the 
band (0.1141) at 27,193 cm~' and was not actually observed. The longer wave 
length maximum at 27,080 ¢m~!, which was very weak in intensity but distinctly 
measurable, was distant by 1252 cm~' or 1138 cm~! from the 0,0- or 0*,0-band, 
respectively. That this band was extremely narrow suggests that it must belong 
to the narrow band system and it was decided to be the band (0*,1141). If the 
band were assigned to a transition (0.1252), it would be associated with anin-plane H 
bending vibration of frequency 1227cem~!, which belongs to}, species and is forbidden 
by symmetry to appear in the spectrum. The fourth bands at 26.971 and 26,870 
em~' showed rather distinct band splitting. They were distant by 1361 and 1348 
em”! from the 0,0- and 0*,.0-bands, respectively, and both are assigned to the 
overtone vibration of the b, species of frequency 679 em~!. The fifth band group 
comprised two bands. The shorter wavelength band, which was strongest in 
intensity among the whole spectrum, was rather broad and had a single maximum 
at 26,545em~'. It was distant by 1787 em~! from the 0,0-band, and was assigned 
to an overlap band of 1745 em~! (1066 — 679) on a band of 1820 em~! (1141 

679). Furthermore, as a band (0*,1745) was also expected to appear in this region, 
the observed maximum may be composed of these three frequencies. The longer 
wavelength band at 26.405 em~'. weak in intensity but rather narrow, was associ- 
ated with the combination band of 1141 679cem~'. The sixth band which had 
its maximum at 26,150 cm~', separated from the 0,0-band by 2182 cm~!, was 
ascribed to a band of 2132 em~! (1066 » 2) overlapping on a band of 2207 em~! 
(1066 1141). A weak band located on a shoulder of the band at 26,150 em7! 
was distant from the 0*,0-band by 2198 cm~! and it was assigned to a satellite 
band of a combination frequency 2207 cm~'. The frequency 1066 em~! forms a 
main progression. Since an overtone band of 1141 cm~! was not found in the 
spectrum, it was impossible to assume the frequency 1141 cm~! might form also a 


progression. Further bands in the longer wavelengths were interpreted as com- 


bination bands of 679 and 1141 cm~! with a member of the 1066 em~! progression. 
A detailed analysis of the spectrum is given in Table 1. 

In the phosphorescence spectra in other media, the shortest wavelength band 
at 28,100 cm~! in water, at 28.380 cm~' in ethanol. at 28.475 cm~! in dioxane or at 
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27.657 em~' in benzene was taken as the 0,0-band. Spectral structures were 
essentially the same as that of the spectrum in cyclohexane, although each band 
was rather diffuse, and the overtone bands of the ), vibration of frequency 679 em 
were not observed in water, ethanol and dioxane. The spectrum in benzene gave 
the most clearly resolved band structure among these four spectra but the whole 
spectrum shifted about 700 em~! toward longer wavelengths. The exceptionally 
large red-shift of the spectrum, which was also observed in the phosphorescence 


spectrum of pyrazine in benzene, may be caused by special interactions of the 


benzene matrix on pyrimidine molecules. Detailed discussions on the interaction 
between solute molecules and the benzene matrix will be reported in our next 
paper. Vibrational analyses of these spectra are given in Table 1. 


Assignment of the transition 

We will discuss next the orbital type of the electronic transition of the observed 
triplet-singlet emission. Pyrimidine has two singlet-singlet absorption systems 
in the near ultra-violet region; one exhibits broad bands in the range 39,000 
45,000 em~' and the other sharp line-like bands in the 30,000—38,000 em~' region. 
Hatverson and Hirt [6] attributed these to a 'B,(7, 7*) <—'A, and 'B,(n, 
'd, transition, respectively. Two possibilities exist for the assignment of the 
observed triplet-singlet transition of pyrimidine. They are *B,(z, 7*) —-'A, and 
7*) —'A,. Kasua and co-workers [14] indicated experimentally that the 
lowest triplet state be of an (n, 7*) type, and GoopMAN and Harre [13] assigned 
it to a *B,(n, 7*) using an LCAO-MO ecalculation.+ We will also discuss the 
orbital type of the triplet—singlet transition from a point of view on solvent effects. 

A simple and unambiguous experimental method was devised for distinguishing 
an » «— 7* transition from a 7 <— 7* one, and was seen to give a successful indica- 
tion that the lowest triplet state of pyrazine was to be an (n, 7*) type [1]. We 
applied the method to pyrimidine. It is based on salt formation of the non-bonding 
lone pair electrons on the nitrogen atoms with acid molecules. 

Solution of trichloroacetic acid in cyclohexane of various concentrations 
ranging from 1 to 10-° mole/l. were prepared, and pyrimidine was dissolved in 
these solutions at a concentration of 10~* mole/l. The near ultra-violet absorption 
spectra of these solutions were measured with a Hitachi automatic recording 
spectrophotometer model EPS-2 at room temperature (20°C). Solutions of 
trichloroacetic acid of the same concentrations as those used for the corresponding 
sample solutions were used for reference solutions. The absorption curves are 


shown in Fig. 3(a) and (b). For a study of the spectrum of a 7 —> 7* transition. 
the concentration of pyrimidine was diluted to 10-4 mole/l. As can be seen in the 
figure, with increasing concentration of the acid, the 7 — 7* spectrum increased 
in intensity and its band structure became rather sharper, while for the n — 7* 
transition the spectrum decreased much in intensity and lost the band structure. 
and finally the spectrum became quite weak without further change of structure 
in the same way as that observed in the pyrazine spectrum. 


* In their table, symmetries of the (n, #*) singlet and triplet states of pyrimidine (and pyridazine too) 


were written as 'B, and *B,, respectively, but these must be misprints. 
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40,000 42,000 44000 cm” 

Fig. 3(a). Near ultra-violet absorption spectra of pyrimidine with trichloroacetic acid in 
cyclohexane at 20°C, (7 — spectral region.) Concentration of pyrimidine: 
mole/l. Concentration of trichloroacetic acid: 
curve mole/l. 


30,000 32,000 36,000 38,000 cm" 


Fig. 3(b). Near ultra-violet absorption spectra of pyrimidine with trichloroacetic acid in 
cyclohexane at 20 C. (n spectral region.) Concentration of pyrimidine: 1 
mole/l. Concentration of trichloroacetic acid: 
curve mole/I. 

0 
l 10-* 
l 
] 


The phosphorescence spectra of the same pyrimidine solutions as those mentioned 
above were observed at liquid-air temperature, and the microphotometer curves 
of the spectra are shown in Fig. 4. The lifetime of the phosphorescence was almost 
unchanged but the emission decreased in intensity with increasing concentration 
of the acid and finally the spectrum disappeared completely in this spectral region. 
A weak continuous spectrum which appeared as background may be due to im- 
purity in the sample solution. The change of the phosphorescence spectrum is 
exactly parallel to that observed in the » — 7* absorption spectrum, and this 
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suggests that the lowest triplet state of pyrimidine must be of an (n, 7*) type. 
The transition is concluded to be *B,(n, 7*) — 'A,. 

We also observed the phosphorescence spectra of pyrimidine in hydrochloric 
acid of 0-1 N and potassium hydroxide solution of 0-1 N at liquid-air temperature. 
Pyrimidine was dissolved at 10~* mole/I. in each solution. Pyrimidine in potassium 


hydroxide solution gave the same emission as in water, while in hydrochloric acid 
it emitted a blue phosphorescence, weak in intensity as in water but with a lifetime 
of about 10-1! see by visual estimate. The microphotometer curves of the spectra 


CClyCOOH PYRIMIDINE 10° 


ON 
i i i 
23,000 25,000 27,000 cm 


Phosphorescence spectra of pyrimidine with trichloroacetic acid in cyclohexane at 


K. 


PYRIMIDINE MA 
IN O.1N HCI 


IN HeO 


KOH 


iL A. iL A. L 
23,000 25,099 27,000 29.099 cm 
Fig. 5. Phosphorescence spectra of pyrimidine in hydrochloric acid, water and potassium 
hydroxide solution at 90°K. 


are shown in Fig. 5 with the curve of the spectrum in water. As can be seen in the 
figure, both spectra appeared in the same region as the spectrum in water, although 
the spectrum in the acid extended slightly to the shorter-wavelength side and the 
spectral structure was completely blurred out. 

This fact suggests that in a pyrimidine molecule a (7, 7*) triplet level lies just 
above the lowest (n. 7*) triplet level, that the lifetimes of both levels (transition 
probabilities to the ground state) are of about the same order of duration, and 
that the emission observed in the acid appeared from the second excited (7, 7*) 
triplet level. We could make further comments on the location of the triplet levels 
by carrying out the vibrational analysis if the spectrum in the acid had a better- 
resolved band structure. 


A remark on the phosphore SCENCE Spe ctrum of pyridazine 


The singlet—triplet absorption spectrum of pyridazine was first observed by 
KasHa and co-workers [14], who reported that the lowest triplet state was of an 
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(n, 7*) type located at 3-08 eV above the ground state. We attempted to observe 
the phosphorescence spectrum of pyridazine at liquid-air temperature but no 


emission has been observed with any solvents. 
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The infra-red spectra of a number of crystalline pyrazol-5-ones with simple alkyl or 


Abstract 


phenyl substitution in the pyrazolone ring have been measured in the regions of O—H, N—H 


and double bond stretching-vibrations. The compounds do not show absorption in the C:O 


stretching-vibration region, provided an aromatic structure is not excluded by the substitution. The 


infra-red spectra show that for the pyrazolones with an aromatic character there is a tautomeric 


equilibrium between two structures, the hydroxy pyrazole and the zwitterion of the correspond- 


ing amide-form, and that the molecules are associated through strong intermolecular hydrogen 


bonds. The information gained from the infra-red spectra on the position of the proton in the 
hydrogen bond in two cases has been related to the tautomeric equilibrium constants [A, 


(NH form)/(OH form) 


estimated from the basic ionization constants. 


For the pyrazol-5-one nucleus five tautomeric structures are possible: 


HC 


HC CH 


CH CH, 


C--OH 


HC 


CH 


HN HN 


N 
H H 


(1) (il) (IV) (V) 


N 


The numbering of the atoms in the ring is: 


When substituents are introduced some of the tautomeric structures will cease 
to be possible. Thus pyrazolones double substituted at C, are only able to exist as 
(IV) and (V), and substitution at both nitrogen atoms will only be possible when 
(111) is the structure. Other substituted pyrazolones, however, are like the 
pyrazolone nucleus itself theoretically able to adopt all five tautomeric structures. 


A prior: it is not possible to predict which structure will have the highest 


degree of probability. Characteristic groups of the structures are C—O, C—OH 
and NH. Information on the presence of these groups in a chemical compound 
may be obtained from the infra-red spectrum. An analysis of the infra-red spectra 


of a series of substituted pyrazolones was therefore made to investigate the 
structure of these pyrazolones. Simple alkyl or phenyl radicals were used as 


substituents. 
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Infra-red spectra of substituted pyrazolones and some reflexions on the hydrogen bonding OH ----N 


A few infra-red spectra of substituted pyrazolones have previously been 
published, but these publications have not especially aimed at an elucidation of the 
structures. RANDALL ef al. [1] investigated 1-phenyl-3-methylpyrazol-5-one and 
3-methylpyrazol-5-one (nos. 17 and 2) in Nujol, with results similar to those now 
obtained. GAGNON |2] investigated 3-phenyl-4-octylpyrazol-5-one 1:3- 
diphenyl-4-ethylpyrazol-5-one. From the absorption curves it was concluded 
that 3-phenyl-4-octylpyrazol-5-one is present as an enol, whereas 1:3-dipheny|-4- 
ethylpyrazol-5-one has the ketonic form. The latter result is not supported by the 
present investigation. Hirre [3] has published a table indicating the regions of 
absorption for a series of substituted pyrazolones. His results are only partially 
confirmed by the present work. 

In order to explain the spectra it was found useful to consider the character of 
the hydrogen bonding between the pyrazolone molecules. 

This consideration is based on reviews by CouLson [4] and Cannon [5] and on 
work by Barrow |6, 7, 21]. In these papers the question of the presence of a 
double minimum on the potential energy curve of the hydrogen bonding is dis- 
cussed, and more specifically a treatment of the OH ----N hydrogen bonding is 
given. The writer relates the properties of this bonding with the acid strength of 
the proton donor group and the basic strength of the acceptor group. In our 
experiments we have examined the solid crystalline pyrazolones, and the OH ---- N 
bonding is, in agreement with UsseLonpe and GALLAGHER [8], regarded as a 
bonding established between O~ and :N== through the competition of the two 
groups for attracting a proton situated between them. 


Experimental 


The pyrazolones nos. 1, 2, 3, 5, 19, 20 and 24, Table 1, were placed at our disposal 
by Mr. S. Baoxnpum. The other pyrazolones were specimens of VEIBEL ef al. [9] 
and VEIBEL ef al. [10], or prepared according to these papers the m.p.’s being used 
as criteria of purity. 

In Table 1 the pX,-values of most of the pyrazolones are recorded. These 
values are taken from reference |%a]| with the exception of the pA,-value of no. 24, 
determined by Mr. Bronpum. All pA,-values are calculated from the titration 
curves found when the pyrazolones dissolved in glacial acetic acid are titrated 
potentiometrically with perchloric acid in glacial acetic acid {9b}. 

The infra-red absorption spectra of the pyrazolones nos. 1-24 are recorded in 
Table 1 and typical representatives are given in Fig. I(a—i). 

A Beckman IR-2 spectrometer was used, with sodium chloride optics and the 
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Table 1. lonization constants and infra-red spectra of substituted 
pyrazol-5-ones (s strong, b broad) 


No Substance 


I’ razol-5-ome 
3-Nuhat tuted 


2 3-Methy! 

3 3-Ethyl 

4 3-Propy! 

5 3-tert.-Butyl 
3-Phenyl 


3:4-Nubhatituted 
3-Methyl-4-ethy] 


3-Methyl-4 phenyl- 
1:3 4-Suhatituted 
1-Phenyl-3-methy! 


4 Pheny 


2:3-Suhatituted 


10 2-Phenyl 3-methyl 
2-Phenyl-3-pheny] 
2-0-Tolyl-3-methyl 
13 2-0-Toly1-3-phenyl- 
2:3:4-Substituted 
14 2-0-Tolyl-3-methv! 
t-ethyvl 


1 :3-Nuheatituted 


1S 1-Methvl-3-methyvl 

16 1-Methyl-3 pheny! 

17 1-Phenyl-3 methy! 

Is l Polvl-3-methy! 

19 Polyl-3-pheny! 
4. Sahat ituted 

20) 4-Pheny 
$:4:4-NSuhatituted 

21 3-Methyl-4:4 

dimethvy! 


22 3-Methyl-4:4-diethyl 


23 1-Phenvy! 2-methyl- 
3-methyl 
1-Methyl-2-phenyl- 


3-methyl 
v1-3-methyl 
>-methox, 


ivl-3 methy] 


Proton 
gained 
pA, 


OH or NH stretching 
frequen 


(cm 1) 


2200-3000 b 


2 LOO 3000 b 
2100-3000 b 
2100-3000 b 
2 100-3000 


2100-3000 b 


2200-3200 b 


2200-3200 b 
2400-3000 b 
2200-3000 b 
2200-3000 b 
2200-3000 b 
2200-3000 b 
2200-3000 b 
2200-2600, 1700-1900 
2300-2700, 1700-1900 
2300-2700, 1700-1900 
2200-2600, 1650-1850 
2200-2600, 1650-1850 
3320, about S100 b 


S160 b 


S160 b 


Double bond atret« hing 


frequencies 
1 


(em *) 


1620s 1500s b 1423s 


1620s 1555 1505 1450 
1620s 1545 1510 1455 
1625s 1545 1500 1460 
1610s 1542 1500 1458 
1625s 1543 1505 1455 


1620s 1585 1560 1470 
1595s 1500 1445 


1607s 1558 1435 


1590s 1575s 1510s 1325 
1600s 1565s 1520s 1320 
1558s 1515s 1310 
15658 1505 1310 


1605 L530s 1505s 1310 


1540 1440 1385 
1565s 15438 1445 1375 
1600 15208 1450 1383 
15458 1445 1365 
1558 1440 1370 


1610 1575 1515s 1435 


17078 1610 1460 1375 


17058 1605 1458 1380 


16758 1590 1483 1390 


16558 1570 1485 1385 


1600 1573 1515 1450 


1605 1570 1505 1455 


3-1 
2-9 
2-6 
2-1 
1-8 
1-1 
\ L 
17 
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31 
2-7 
2-8 
2-4 
Ve 
25 l 
2-8 
26 2- Pheri 
5-methoxy 1-5 
» 
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substances were measured in potassium bromide disks. The spectrum of 3-methyl- 


4:4-dimethylpyrazol-5-one (no. 21) dissolved in CCl, was also measured at different 
concentrations in the region 3600-2800 em~!, using a lithium fluoride prism. 


Results 

In Table | the absorption maxima of the different substituted pyrazolones are 
recorded for the region around 3000 cm~'!, and in the region 1700-1250 em-—, 
The absorption of NH and OH lies in the former region, and the C—O group gives a 
very sharp intense absorption at about 1700 cem~!. Table 1 shows that the pyrazo- 
lones investigated may be subdivided into groups of characteristic uniform 
absorption regions. The unsubstituted, the 3-, 3:4-, 1:3:4-, 2:3- and the 2:3:4- 
substituted pyrazolones (nos. 1-14) form a group having a broad absorption 
between 3200 cm~! and 2200 cm-! and no absorption for C—O. The 1:3-sub- 
stituted pyrazolones absorb both at 2600-2200 and at 1900-1700 em-!, 
but do not show the C—O absorption. The 4:4-disubstituted pyrazolones have 
absorption at 3160 and at 1707 cm-', the latter being the characteristic 
C=O absorption. 


Extinction 


Extinction 


Fig. l(b). 3-Methylpyrazol-5-one (0-95 mg in 500 mg KBr), 


The spectra of no. 21 in solution are registered for the concentrations 0-02 M 
and 0-2 M and show a very sharp absorption at 3480 cm~! and a rather broad 
absorption at 3230 cm~!. Changing the concentration from 0-02 M to 0-2 M causes a 
decrease in intensity of the peak at 3480 cm~? and an increase in the broad ab- 
sorption at 3230 
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lie). 2-Phenyl-3-methylpyrazol-5-one (1-49 mg in 500 mg KBr). 
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Fig. 1(f). 1-Methyl-3-methylpyrazol-5-one (1-04 mg in 500 mg KBr). 
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Fig. 1(h). 3-Methyl-4:4-dimethylpyrazol-5-one (0-94 mg in 500 mg KBr). 


Discussion 

According to the diagram of the tautomeric forms, 4:4-disubstituted pyrazol-5- 
ones (nos. 21 and 22) may adopt the forms (IV) and (V), but the spectra of these 
compounds indicate a C—O group, and their structure is therefore (IV). This is 
confirmed by the spectra of the CCl, solutions, which have a sharp absorption 
hand at 3480cm~! due to a free NH-group. The absorption at 3230 em- in 
solution and at 3160 cm~! in the crystalline form must be due to a weakly bonded 
NH-group. The fact that in the 4:4-disubstituted pyrazol-5-ones the structure (IV) 
is preferred to the structure (V) seems to indicate a general improbability of the 
latter form 

For the antipyrines, in this case represented by the nos. 23 and 24, only the 
structure (IIL) is possible. 

The infra-red spectra show that the C—O group is absent in all the other 
pyrazolones examined (nos. | to 20). Their structure must therefore be (1), (IT) or 
(V). Of these only (1) and (IL) are aromatic in character. On the basis of this fact 
and the improbability of structure (V) even for the 4:4-disubstituted pyrazolones, 
it is reasonable to exclude structure (V) for the pyrazolones nos. 1 to 20. Therefore, 
provided that substitution does not exclude the possibility it is assumed that all 
the pyrazolones examined have an aromatic hydroxy pyrazole structure: 


CH 
C--OH 


HC 


N 
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Fig. I(g). 4-Phenylpyrazol-5-one (1-11 mg in 500 mg KBr). 
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Fig. 1(i). 1-Phenyl-2-methyl-3-methylpyrazol-5-one (1-58 mg in 500 mg KBr) 


In addition, the infra-red spectra of these hydroxypyrazoles show one or two 
very broad absorption bands in the region from 3100 em! to 1700 em~! which can 
only be due to a strongly hydrogen-bonded NH group or OH group. This indicates 
that the crystalline structure of the hydroxypyrazoles contains molecules which 
are associated through strong hydrogen bonds. An exception is 4 phenylpyra- 
zolone (no. 20), which gives a rather sharp absorption at 3300 em~! and a broad 
absorption about 3100-!, indicating that the association in this case is weaker than 
in the other py razolones. Fig. l(g). 

It may be assumed that the aromatic hydroxypyrazole is formed with the 
lone-pair electrons of one of the N atoms as the two missing electrons. corre- 
sponding to the distribution of the charge in pyrrole, the basic properties of 
this N atom (“pyrrole nitrogen’’) thereby being diminished. The second N atom 
(pyridine nitrogen) like the nitrogen in pyridine has a basic character, the lone- 
pair electrons being situated in an approximately sp? orbital directed away from 
the ring, a planar ring being presumed 

The pyrazolones nos. 1-19 may be titrated both as acids and as bases. In the 
structures (1) and (II), therefore, the hydroxygroup must be the acid group, and 
the pyridine-nitrogen, N, in (I), and N, in (11), must be basic. 

According to this argument it must be assumed that the hydroxypvrazole- 
molecules are associated through a H-bond established between the acid OH- 


group and the basic pyridine nitrogen atom. 


H-C CH HC CH 


N C-—-OH N 


N 
H 


The usual way of indicating the hydrogen bond is OH - - - - N, and a direct measure 
of the bond strength is the distance between O and N, the distance and the bond 
strength being inversely proportional. A more detailed description of the hydrogen 
bond may be obtained by discussing the bond as isolated from the rest of the 
molecules and considering only four electrons, two of which are responsible for 
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the linkage O—H in the hydroxyl group and the other two being the lone-pair 
electrons at the nitrogen atom. The distribution of the electrons may then be 
described as follows: 


The position of the proton is indicated by the weight ascribed to each of these 
three possibilities. 

!f the acid dissociation constants for, respectively, the OH group Ky, and the 
NH* group Ayy:. are approaching each other, then the proton will be more 
equally attracted from both sides and (2) will dominate. An equal attraction for 
the proton from both sides must give the strongest H-bond. Accordingly, it will 
be seen that in molecular associates in which the two dissociation constants are 
nearly equal, as in dimeric acids or in the system benzoic-acid—pyridine [11], the OH 
group shows a very broad and intense infra-red absorption band with a frequency 
displaced towards lower values. 


The hydrogen bond may also be described in terms of the potential-energy 


curve between O~ and :N. When the potential-energy curves for OH and NH* lie 
at very different energy levels [5, 7. 8], i.e. when pX,(OH) and pX,(NH*) are very 
different, the two curves will be nearly independent of each other and only very 
little exchange of protons will take place, i.e. the hydrogen bond is very weak. 
As an example butanol in ether [12] has an OH-absorption at 3500 em~!, thus 
only about 100 cm~! displaced towards shorter frequencies in relation to the free 
OH-group. 

The more the levels of the two potential-energy curves approach each other, 
the greater the exchange of protons. This means that the hydrogen bond increases 
in strength, and the distance O~ ---- N decreases at the same time as the minima 
of the two potential curves are approaching each other, the limiting case being the 
one where the two minima fuse. In this case we have the strongest hydrogen 
bonding with only one potential minimum between O~ and :N. The position of 
the proton in KHF, crystals which has the strongest hydrogen bond known has 
been localized by proton diffraction measurements and has been found to be 
within 0-1 A of the centre of the F ----H--++Fion{8]. According to UsBELouDE’s 
treatment of the hydrogen bonds in crystalline compounds the tautomeric 
equilibrium OH:---NZO>----+HN* will govern the distribution of the 
proton between the atoms O~ and :N. The equilibrium constant A for this equilib- 
rium may be expressed by the relation between the acid dissociation constants 
Koy and Kyy., A Aoy/Ayy-, and is thus a measure of the strength of the 
hydrogen bond. When A approaches |, we have the strongest H-bond. In this 
borderline case tautomerism shifts over to resonance [13]. Applied to the pyrazol- 
ones (nos. 1-19) this indicates that in crystalline form two tautomeric structures 
exist. 


D. Handi, Z. Elektrochem. 62, 1157 (1958). 
M BARROW J Phys. Chem 59, 129 (1955). 
K. A. Jensen, Almen Kemi Bd. I, 245. Gjellerups, Copenhagen (1957). 
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The equilibrium may be indicated both by using the two pA,-values and by using 
some expression for the strength of the hydrogen bond. 


HC CH HC CH HC CH HC CH 
N C-—-OH HN C—O HN C--OH HN C—O 
=> and = 

N N N N 
H H H 
(I) (il) 


An estimate of the strength of the hydrogen bond may be obtained by infra-red 
spectroscopy, as the stretching frequency of the acid hydrogen-bonded group 
decreases with increasing strength of the hydrogen bond. Nakamoro [14] and 


collaborators have recorded some curves relating the frequency to the strength of 


the hydrogen bonding. The curve covering the OH «+--+ N bond, however. is not 
sufficiently determined. 

The spectra of the pyrazolones (nos. I-14), adopting the forms: (1). (IIL) or 
(11), (111), are very similar to the spectrum of 3-hydroxypyridine [15]. This 
substance, as the pyrazolones, may be titrated both as acid and as base. ALBERT| 16] 
has determined the pA,-values of the 3-hydroxypyridine, and Mason | 17] has used 
these values for calculating the tautomeric equilibrium. 

In the case of the pyrazolones we have 


HC CH HC CH 
N C--OH > HN c—O 
N N 
(i) H H (IH) 
4 
H HC CH H 
HN C—-OH 
N 
H 


(1) and (III), taking up a proton, will give the same cation. The pA,-value = pA, 
of the pyrazolone, as indicated in Table 1, is then according to Mason [17], 
composed of the pA,-values of the two tautomeric structures. Therefore, 


kK, kK, (A) 
and the equilibrium constant for the tautomeric equilibrium, X,,, is 


form Ky, 


K, 
Con form kK, 


(B) 

However, this relation is valid only for pyrazolones substituted at one of the 
nitrogen atoms, so that only the other nitrogen atom is able to interact with the 
[14) K. Nakamoto, M. Marcosues and R. E. Runpie, J. Am. Chem. Soc. 977, 6480 (1955) 

15) S. F. Mason, J. Chem. Soc. 4874 (1957 


16) A. and J. N. J. Chem. Soc. 1294 (1956 
17) S. F. Masow, J. Chem. Soc. 674 (1958 
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hydrogen atom [17]. The basic dissociation constants of the two tautomeric 
forms may be assumed to be approximately equal to the constants of the N-methy| 
(Ky _oy,) and of the O-methyl (Ko, respectively [18], and consequently the 
equilibrium constant for the tautomeric equilibrium may be calculated, 


2-pheny1-3-methylpyrazolone pk, ph, 1-8 
1:3-dimethyl-2-phenylpy razolone H, 2-4 
2-phenyl 3-methyl-5-methoxypy razole pky DK o¢ H, 1-5 


These values do not satisfy equilibrium (A), but by application of (B) the K.-value 
} is calculated, i.e. the equilibrium should be displaced in favour of the hydroxy- 
pyrazole. This agrees well with the spectrum showing a very strong hydroxy! 
absorption, displaced some 1000 cm-! from the region of absorption of a free 
hydroxyl group. The 1:3-disubstituted pyrazolones (nos. 15-19) in the region of 
absorption of the hydrogen bonding system show two broad absorption bands, 
one at about 2400 cm~, the other at about 1800 em-!. This characteristic pair of 
absorption bands has been found only in the spectra of substances having the 
possibility of forming a =N H-group. Examples of such substances are amino 
acids [19] and the equimolecular mixture of benzoic acid and pyridine [11). 
Further, pyridinium chloride [20] absorbs at 2450 em— and at 2000 em—!. tecently 
Beit and Barrow [21] have shown the same absorption in the mixture of p-nitro- 
phenol and triethylamine in CH¢ ‘ls. These facts make it likely that the absorption of 
the 1:3-disubstituted pyrazolones is due to the group =N*H, which means that 
the tautomeric equilibrium is displaced towards (III). 

From Table 1 we find the values: 


1-pheny!-3-methylpyrazolone pk, 2-7 
2-8 
razole pky PAocn,. 2-8 


The equation (B) gives the value kK, 1. This means that the tautomeric equilib- 
rium contains equal amounts of (1) and (III). This result is not confirmed by the 
infra-red spectrum which indicates a preponderance of a =N*H-structure, but 


a displacement of the equilibrium as compared with that of the 2-pheny!l- 
substituted compound is obvious. An explanation of this apparent discrepancy 


18} G. F. Tucker and J. L. Irvry. J. Am. Chem. Soc. 73, 1923 (1951). 

19) R. J. J. P. Greensrers, M. Wrvirz, 8S. M. Brensaum and R. A. McCatirvo, J. Am. Chem 
Soc. 77, 5708 (1955). 

[20] RK. C, Lorp and R. E. Merrierecp, J. Chem. Phys. 21, 166 (1953). 

21) C. L. Bett and G. M. Barrow, J. Chem. Phys. 81. 1158 (1959). 
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may be found in the fact that the pA,-values are calculated as the pX,-values in 
aqueous solution and this is only an approximation to the values in the crystalline 
state. Also, we are only able to determine the pA,,-values of the methyl derivatives 
and not of the two tautomeric structures (1) and (IIL) themselves. Thus, we 
cannot yet calculate the exact relation between infra-red absorption caused by 
hydrogen bonding and the value of the equilibrium constant for the tautomeric 
pyrazolone system in the crystalline state. 

Qualitatively it may be said that the equilibrium constant is not far from 
unity, and that the tautomeric equilibrium is more dependent on the position of 


the substituents than on their nature. since the infra-red spectra may be arranged in 


groups with similar absorption within a group but with differences from group to 
group. dependent on the position of the substituents. 


ledgements——| thank Professor Dr. Stic Veiset for his kind interest in this work. My 


eague Mr. Brexpu™ has provided some potentiometric titration curves, and I should like to 


express to him my thanks for this and for many discussions 


17 
] 9€ 
~ 


Spectrochimica Acta, 1961, Vol. 17, pp. 51 to 63. Pergamon Press Ltd. Printed in Northern [Ireland 


Spectrophotometric studies of the 2:4-dinitrophenylhydrazones 
of n-alka-2-enals and n-alka-2:4-dienals 


Frep Stirr,* Ropert B. Secigman.t F. E. Eprra Gone,* 
E. L. and Davip A. Forsst 


(Received 12 July LOGO) 


Abstract—Wavelength maxima and molar absorption coefficients in the ultraviolet—visibl 
region are reported for chloroform solutions and for alkaline ethanol solutions of the 2:4-dinitro 
phenylhydrazones of the n-alka-2-enals containing from three to eleven carbon atoms and of 
the n-alka-2:4-dienals containing from five to twelve carbon atoms. Infrared spectra from 2 
to 15 4 are reported for these compounds dispersed in potassium bromide disks. Correlations of 
u.v. and i.r. spectral features with degree of conjugated unsaturation are discussed. Although 
the infrared spectra of the individual members of each homologous series are similar, those 
examined can be differentiated. Characteristic spectral differences between the stable and 


unstable poly morphic forms of the 2-enal derivatives are reported, 


THe widespread use of 2:4-dinitrophenylhydrazine as a reagent for detecting 
carbonyl compounds and for forming derivatives useful for characterization and 
identification stresses the importance of the availability of satisfactory reference 
spectra of the 2:4-dinitrophenylhydrazone (DNPH) derivatives. In a recent 
publication [1] ultraviolet, visible and infrared spectral data for DNPH derivatives 
of a variety of aldehydes and ketones were reported and discussed. This paper 


presents similar data on DNPH derivatives of n-alka-2-enals and n-alka-2:4-dienals 


in a form suitable for identification purposes, 


Materials 


The parent carbonyl compounds wert obtained by the several methods described below 
The DNPH derivatives were prepared by reacting the carbonyl compounds with a saturated 
solution of 2:4-dinitrophenylhydrazine in 2 N hydrochloric acid. Ethanol was used for re- 
crystallization except that petroleum ether was used in crystallizing the 2-heptenal derivative 
prepared in the Australian laboratory [2]. In cases where a particular aldehyde had been pre- 
pared by more than one method, the 2:4-DNPH derivatives gave ide ntical spectra. When a 
choice was available, data reported here are based on the sample « onsidered to be purest after 
examination of availabk physical pl perth In wher two polvi orphi forms ol 
derivative were encountered, the higher melting has been designated form (1) and 


melting form (II). Without exception form (11) appeared to be the darker in hu 


n-Alka-2 enal-2:4 dinitrophe nylh ydraz Wes 
Derivatives of the C, and CU, members of this semes were prepare d from redistilled comme 


cially available aldehydes. After several recrystallizations the derivatives melted at 167—169 ¢ 


* Western Regional Research Laboratory, Agricultural Research Service, U.S. Department 
Agriculture, Albany 10, California. 

t Research and Development Department, Philip Morris, Inc., Richmond, Virginia. 

+ Dairy Research Section, Commonwealth Scientific and Industrial Research Organization, 
Melbourne, Australia, 

L. A. Jones, J. C. Hotmes and R. B. Setieman, Anal. Chem. 28, 191 (1956). 

D. A. Forss, E. G. Pont and W. Stark, J. Dairy Research 22, 91 (1955 
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and ISs- 190 C for the Cy and C, derivatives, respectively Iwo sources of the derivative of the 


{ ena ere available. One, m.p. 157-5-160°C, was a sample prepared by KAWAHARA ef al. [3 


und le to us through the generosity of Dr. Durron other, m.p. 153-5-1459°C, 
vas prepared from 2-pentenal synthesized according to KUHN and GRUNDMANN |4 The DNPH 
erivat is recrvstaliliz i but was not Pp ified by chron atography The derivatives of the 


?.cnals were prepared from the aldehydes svnthesized as described by MARTIN ef al. [5] 


Derivat s of the C, through C,, 2-enals were, after recrystallization, chromatographed on 
(elite columns a center cut was taken and recrystallized exhibited the 
fe ng melting pomts (in C,. 148-149; 133-7-134-5; Cy, 129-130 (form I), 124-128 
for 127-128; 127-128-5 (form 1), 121-123-5 (form and ¢ 122-123-5. The 
2:4-dinitrophenythydrazones of the C.-C), 2-enals were also available from the Australian 


mooratory co-operating in thes study propertr s of t he se derivatives have been cle seribed 


all thoug 


bole pomt (102 n the case of crotonaldehvde [7 lhe first step in the synthesis of the C. 


ht to have the frans-configuration. This is indicated by the 


derivatives in one method of preparation 5l is a Doebner type reaction, \ hich is known 


to vield crotonmie acid |S} with the frans-configuration [9] when acetaldehyde is used as a starting 
teria Che inter (liat n-alka-2-enor acids at accordingly all presumed to be trans and 
the subsequent steps in the synthesis are assumed not to alter this configuration. This assump- 
s supported he results of ACOBSON 10} who obtaimed ftrane 2-octe nal by a similar 


svnthesis The presence of a strong band at 10-104 in the ervstalline DNPH derivatives is 


evidence that the preparations examined have the frans-configuration This band arises from 


the out-of-plane vibration of H-atoms linked to the unsaturated C-atoms and has about the 


olar absorption coefficient expected [11 No information is available on the configuration 


bond 


th respect to the carbon-to-nitrogen doubl 


preparation and properties of the derivatives of the C,-C,, dienals employed in this 


lescribed elsewhere [12 \lso availabk ere derivatives of the C, and C, dienals 
prepared by a malonice acid synthesis and derivatives of the g Co Cy, and ¢ dienals 
prepared by alternate syntheses [2, 14 In addition to the materials described in the above 
eferences, two polymorphic forms were included in this study. These were a dark red form of 
the C,, derivative, m.p. 128-130C (form Il) and a dark red form of the C; DNPH, m.p. 178 


al kk hvele s with respec t to unsaturation is thought to be franas trana, 


This is based on the ivelength and intensity of an infrared band associated with the out-of 


plane bration of H-atoms linked to the nsaturated C-atoms l npublished infrared spectral 


lata obtamed Mr F BAILEY on the pure liquid dienals snow a strong band at loll aw 


~t ivelength and mtensityv are evidence for the trans—trans configuration [11], 14 Since 


lvhtiv shorter wavelengths (from 10-02 to 10-05 «) in the ervstalline DNPH 


erivatives wit! irmotar ates rption cor fhien rit rougl ly twice that found im the 2 enal derivative Ss, 


the prepar itions described here are by heved to have the trans—trane ¢ mfiivuration No informa- 


nis available on the configuration with re spect to the carbon-to-nitrogen double bond 


3: F. K. Ka Hara, H. J. Dwrron and J. C. Cowan, J. Am, Oil Chemists’ Soc. 29, 633 (1952 
4) R. Krew and G SDMANN. Ber Olas 70, 1808 (1927 
C. J. Marrex, A. L. Scuerartz and B. F. J. Am. Chem. Soc. 70, 2601 (1948 
6! B. FE. F. Worart H. D. and L. Jones, Jr., Anal. Chem, 23, 1754 (1951) 
7! R. A. Rapwaet and F. Sonpuemer, /. Chem. Soc. 2693 (1951 
S| H. ScHEIBLI und J. MAGAsanik, Ber eut. chem. Gea, 48, 1810 (1915 
%| K. vow A ers and H. Wissepacn, Ber. deut. chem. Ges. 56, 715 (1923) 
10) M. Jaconson, J. Am. Chem. Soc. 75, 2584 (1953 
./ im. Oi! Chemists’ Soc. 33, 1 (1956 
12) EK. L. Porre~ and M. Nowaka, J. Org. Chem. 23, 1580 (1958 
13) E. L. Prrrex, M. Nonaka, F. T. Jones and F, Srirt, Food Research 23, 103 (1958). 
14) D. A. Forss and N.C. Hancox, Australian J. Chem. 9, 420 (1956) 
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Ultraviolet and visible spectra 


Experimental 


Ultraviolet and visible spectra were recorded on model 11 and model 14 Cary spectropho 
tometers. Most of the data reported here were obtained with the mode! 14 instrument on solutions 
prepared from samples weighed on a Cahn electrobalance. Redistilled reagent grade chloroforn 
which contained less than 1°, ethanol as stabilizer was used as solvent for spectra of neutral 


solutions. For alkaline spectra, the solvent medium consisted of ethanol diluted by addition of 
10 per cent by volume of chloroform and made 0-01 N by addition of 1 per cent by volume of 
LOO N aqueous sodium hydroxide solution It was found convenient in preparing the alkaline 


in chloroform Although appropriate blanks were run, 


solutions first to dissolve the samplk 
photometric errors were somehat greater for the alkaline data because of a tendeney for slight 


turbidity to develop after addition of the alkali. 


Re sults and discussion 
Spectra are shown in Fig. | for chloroform solutions and in Fig. 2 for alkaline 
ethanol solutions of the DNPH derivatives of n-heptanal, n-hepta-2-enal and 


300 400 
Wavelength, mf 

Wavelength, my 
Fig. 1. Absorption spectra of chloro Fig. 2. Absorption spectra of alkaline ethanol 
f the 2:4-dinitropheny! solutions of the 2:4-dinitrophenvlhvdrazone de 
rivatives of: A, n-heptanal; B, n-hepta-2-enal; 


C, n-hepta-2:4 dienal Solvent is 95°, ethanol 
0-001 N in NaOH and containing 10 per cent (vol.) 
of chloroform 


form solutions o 


hydrazone derivatives of: A, n-heptanal; 


B, n-hepta-2-enal; C, n-hepta-2: 4-dienal. 


n-hepta-2:4-dienal. In the same media, the DNPH derivatives of the other 
n-alkanals, n-alka-2-enals, and n-alka-2:4-dienals show essentially these same 
The wavelength maxima 


spectra except for the smallest member of each series. 
are tabulated in 


(Amax) and corresponding molar absorption coefficients (ema,) 
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Absorption maxima of n-alka-2-enal-2:4-dinitrophenylhydrazones* 


No. C-atoms Chioroform solution Alkaline solution§ 


Literature 
in Amax (this) 
‘ references 
aldehvae Semax (l./mole em) max (l./mole em) 


459 


29-5 


! rin x estimated at not over 2°, in chloroform solution and 
t greater in alkaline solution. 
vidition, weak shoulders occur near 288 and 450 mu. The maximum near 250 mu is broad. 
ibsorption limited reliable data to 7 ca.245 mu (see Fig. | 

, inol containing 10 per cent by volume of chloroform, these maxima are altered as follows: 
nd shows a decrease of 1 to 2 mu in /Amax and no significant change in émax. The shorter 
shows no significant change for C, through C, but increases by about 2000 for C, 

creases by about 7 mu for ¢ , thr igh ¢ ¢ al d by 3to4mu for C. through C,,- 
ntaining 10 per cent by volume of chloroform made 0-01 N in NaOH by addition 
me of 1 N NaOH, From 310 to 365 my, e is of the order of 4000, the curve appearing 
illow maximum in this region. In addition a weak shoulder occurs near 


A. Kazrrsyna and J, I, Zarerskaya, Zhur Obshchei Khim. 27, 606 (1957); 
16384 (1957 
R. H. Jones, J. Chem. Soc. 498 (1945). 
Ber. 84, 490 (1951). 
». InskEerp, J. Am. Chem. Soc. 65, 1710 (1943). 
J. Am. Chem. Soc. 68, 214 (1946). 
2613 (1957 
F. Daveerr, J. Am. Oil Chemists’ Soc. 27, 367 (1950), 
O'Connor, L. E. Brown and F, G. Do_tiear, J. Am. Chem. Soc. 71, 1512 (1949). 


Freep 
Cable, 
3 250 366 iz 15, 16) 
af 
252 373 458 15-20 
16-3 29-7 29-2 
5 252 374 $58 2, 3] 
15-7 28-7 29-3 
sa 6 252 374 158 [2] 
4 7 252 374 458 2, 21 
16-6 29-9 29-7 
252 370 $58 [2 
16-1 20-3 30:1 
dae $50 2] 17 
14-9 25-8 30-9 
196] 
_ 4 Ww 252 375 158 2, 22 
14-5 28-7 29-6 
ae 1] 252 376 459 2, 22 
25-8 30-5 
* Eri 
somew! 
Solvent 
ly 
The pr 
throug! 
of 1 per 
540 my (see Fig. 2). 
I5) 1. N. Nazarov, 
Ches Lhat 51, 
16) E. A. Bravpe a 
17 F. BouLMANN, 
C. S. MARVEL 
19) J. D. Roserrs 
20) C. J. TowmMons, 
21) A. I. ScHEPARTZ 
22) C. E. Swirt, R. 17 
an 
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Table 2. Absorption maxima of n-alka-2:4-dienal-2:4-dinitrophenylhydrazones* 


No. C-atoms Chloroform solutiont Alkaline solution? 


Literature 
in Amax (Inst) Amax (miss) 


‘ references 
aldehyde 10-3¢ max (1./mole em) 10~3emax (1./mole em) 


298 38 181 
12-2 35°6 4()- 


39°! 


481 
40-7 


480 


39 


267 304 480 
18-4 16-5 37°: 41-1 


12 267 304 391 480 
18-5 16-4 37-6 40°3 


* Error in Amax not more than 1 my. Error in émax estimated at not over 2 per cent in chloroform 
solution and somewhat greater in alkaline solution. 

+ In 95°, ethanol containing 10 per cent by volume of chloroform, these maxima are altered as 
follows: The principal band shows no change in Amax Or émax except for an increase of 2my in Amax for the ‘5 
derivative. For both shorter wavelength bands, Amax decreases by 3 my and &max increases by about 500. 

t 95% ethanol containing 10 per cent by volume of chloroform made 0-01 N in NaOH by addition of 
1 per cent by volume of 1 N NaOH. A broad, flat maximum also occurs with ¢m,x about 18,000 from 245 to 
270 my. In the C, derivative this band is not broad and /max = 243 my. In addition a very weak submerged 


band near 560 my is evident (see Fig. 2). 


Tables 1 and 2 for the unsaturated aldehyde derivatives which we have examined. 
Included in these tables are references to earlier data, many of which are not for 
chloroform solution. 

The data of Tables 1 and 2 serve to illustrate how invariant are both the 


wavelengths and the molar absorption coefficients of the spectral bands of the 


members of each homologous series. In neutral solution, significant increases 
occur in the values of both Ajay and &max When a methyl group replaces a hydrogen 
atom in the smallest member of the series to yield the next higher member, but 
this is not true for the alkaline spectra. 

SRAUDE and Jones [16] have discussed the increase in wavelength of the most 
intense band of the spectrum of a DNPH derivative in solution with the extent of 
unsaturation conjugated with the carbonyl bond of the parent compound. A 


[23] D. A. Forss, E. G. Pont and W. Stark, J. Dairy Research 22, 345 (1955). 


17-5 0 
6 267 303 390 480 20. 23 
Is-4 15-1 36-6 39-1 
7 267 304 391 480 [14, 23] 
18-6 15-6 37-0 39-5 
s 267 304 391 481 [2] 
15-8 37-0 
267 304 392 (14, 23] 
18-3 15-9 37-6 
10 267 304 391 = [23] 
18-1 15-9 37-2 
55 
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similar relationship was later found to hold for the spectra [1, 20, 24] of DNPH 
derivatives in alkaline solution. Timmons [20] also pointed out that the less intense 


bands of these spectra show similar behavior. The values of Am for the strongest 
band in chloroform solution is about 357, 375 and 391 my for the DNPH derivatives 
of n-alkanals, n-alka-2-enals, and n-alka-2,4-dienals, respectively. In alkaline 
ethanol solution the corresponding figures are 430, 458 and 480 mu. The magnitude 
of solvent effects should be pointed out in this connection. Measurements on two 
members of each series showed that in n-hexane solution the strongest band occurs 
at about 337. 356 and 374 mu for the three homologous series. The shift in going 


from n-hexane to chloroform solution is thus seen to be as large as that due to in- 


creasing unsaturation by one conjugated double bond. 

Roperts and GREEN [19] pointed out that e,,,, as well as Ama, of the principal 
band in the spectrum of DNPH derivatives is correlated with the extent of un- 
saturation conjugated with the carbonyl group of the parent compound. Although 
neither Braupe and Jones [16] nor Timmons [20] emphasize this correlation with 


respect to max. it is evident in their data. The value of ¢m,, for the strongest band in 
chloroform solution is about 22.000; 29,000 and 37,0001]./moleem for the DN PH deri- 


vatives of n-alkanals, n-alka-2-enals and n-alka-2,4-dienals, respectively. In 
alkaline ethanol solution these corresponding figures are 22,000; 30,000 and 40,000. 
In n-hexane solution, the e,,. values are about the same as in alkaline ethanol 


solution. 


Infrared spectra 


fal 


Infrared spectra from 2 to 15 ~ were obtained on samples in potassium bromide disks on 
either a Perkin-Elmer model 21 or Beckman model IR-—3 infrared spectrophotometer with 
sodium chloride optics Che data shown in Figs. 3-7 were obtained with the latter instrument. 


Since polymorphic forms of 2:4-dinitrophenylhydrazone (DNPH) derivatives are often en- 


ountered and since t he infrared spectra were initially « btained to aid im the ile ntification of 
d as DNPH derivatives [13], the sample preparation procedure was 


carbonyl! compounds isolate 
chosen with the object of ensuring that initially different polymorphic forms of a compound 


ould be present in the same form in the KBr disks. This procedure consists of dissolving about 


l mg of the DNPH derivative in a small volume of chloroform (from 0-1 to 0-3 ml) in a small 
ortar, adding 250 mg KBr, stirring by hand as the solvent evaporates, transferring to a 12 mm 
liameter die, and pressing for 2 min at 150,000 lb/in®. This procedure usually yielded identical 


tra from different polymorphic forms. Several of the samples were also prepared for exami- 


nation in the form of KBr disks by a grinding procedure which did not employ a dispersing 
solvent his consisted of grinding about 1 mg of DNPH derivative with 250 mg KBr in a 


Wig-L-Bug vibratory grinder for a period of 2 min using one -';-in. and one }-in. diameter steel 
balls. The finer particle size produced by this latter procedure yielded spectra showing much 
less scattering at the shorter wavelengths (2-6 ~). All curves shown in the figures were obtained 


ising disks prepared by the solvent dispersion technique except that the vibratory grinder was 
ised in preparing the disks from which curve 10 of Fig. 5, curve 12 of Fig. 6 and curve B of 


Fig 7 wer obtained. 


Results and discussion 
Fig. 3 shows the infrared spectra from 2 to 15 u of the 2:4-dinitrophenylhydra- 
zones (DNPH) of n-nonanal, n-nona-2-enal, and n-nona-2:4-dienal. The similarity 


241 K. Yamaevcnr, 8S. T. Tarata and Iro, Yakugaku Zasski 74, 1335 (1954); Chem. 
Abstr. 49, 4441e (1955 
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of the three spectra is mainly due to the strong absorption bands of the dinitro- 
phenylhydrazone group. Although this similarity is also found for the DNPH 


derivatives of the various members of these homologous series, the finer details of 


the spectra can be used to distinguish each individual member containing twelve 


carbon atoms or less in the original aldehyde. This may also be true for higher 


members, but data for these are not available. 
Certain of the differences in the spectra of Fig. 3 are characteristic of the degree 


Wovenumber , 
Soper 3000 2000 1500 1200 1000 800 700 


T 


Transmittance, 


(b) 


8 10 12 


Wavelength # 


Fig. 3. Infrared spectra of the 2:4-dinitrophenylhydrazone derivatives of: A, n-nonanal; 
B, n-nona-2-enal; C, n-nona-2:4-dienal. 


of unsaturation of the original aldehyde and can be used to distinguish n-alkanals, 
n-alka-2-enals, and n-alka-2:4-dienals, although ultraviolet spectra are usually 


more convenient for this purpose. Three such differences are: 

(1) The out-of-plane vibration of hydrogen in the trans-HC—CH— group 
produces a strong band at 10-10 + 0-01 « for the 2-enal derivatives. This band is 
found at 10-02 to 10-05 yu for the 2:4-dienal derivatives and is absent in the spectra 
of the saturated aldehyde derivatives. It has been found to lie outside these 


wavelength ranges for the first members of the series and in a few other cases. 


These known exceptions are the derivatives of acrolein (9-97 «), crotonaldehyde 
(10-19 penta-2:4-dienal [9-94 form (I) and 9-84 form (II)], hepta-2-enal 
[10-17 for form (1)] and octa-2:4-dienal (9-99 

(2) The 2-enal derivatives show a distinct sharp peak at 6-10 + 0-01 ~ which 
is not found for the DNPH’s of either the alkanals or the 2:4-dienals. This peak, 
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which may not be resolved by instruments of low resolving power, occurs at 6-08 
in the crotonaldehyde derivative and is not discernible as a distinct peak in the 
case of acrolein DNPH. 

(3) The n-alkanal derivatives show only a single peak (near 14-6 ~) in the 14 
to 15 uw region, whereas the unsaturated aldehyde DNPH’s show two peaks (near 
14-6 and 14-8 

In the following discussion, » will refer to the number of C atoms in the original 


4p 


ratio A 


Absorbance 


6 


No. C atoms in aldehyde 


Fig 4. The dependen e on chain length of the aldehyde of the ratio of the C H stretching 

yx ak absorbance at 3-4 4 to the N H stret« ning peak absorbance at 3-05 win the infrared 

spectra of the 2:4-dinitrophenylhydrazone derivatives of n-alka-2-enals and n-alka-2:4- 

dienals. Open circles: 2-enal-DNPH. Closed circles: 2:4-dienal-DNPH. » @ solvent 

dispersion procedure used in preparing KBr disks. »—@: vibratory grinder procedure 
used in preparing KBr disks, 


aldehyde. As » increases in each homologous series, it is expected that the intensi- 
ties of bands arising from hydrogen stretching and bending motions of the —CH,— 
groups will increase relative to bands originating in the DNPH portion of the 
molecule. The CH stretching bands at 3-4 and 3-5 4 are absent in the lowest 
member of each series and become progressively stronger relative to the NH 


stretching band at 3-06 + 0-01 ~ as n increases. Fig. 4 shows a plot of the ratio of 
the peak absorbancies (corrected for background) of the 3-4 4 and 3-06 w bands 
as a function of n. In Fig. 3, this ratio is seen to decrease as degree of unsaturation 
increases for a fixed value of n. In accordance with the —CH,— content, the 
ratio is found to be roughly the same for the derivatives of the 2:4-dienal with 
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(n + 2) C-atoms, the 2-enal with C-atoms, and the saturated aldehyde with 
(n — 2) C-atoms. Similarly the CH bending peak at 6-82 0-01 w increases in 


intensity as the chain length of the aldehyde increases, but the lesser intensity of 
this band and its proximity to other bands make it less suitable than the 3-4 4 
band as an index to estimate the number of —CH,— groups present. 

Except for the intensities of the CH stretching and bending bands already 
discussed, the infrared spectra of the n-alka-2-enal DNPH'’s are very similar from 


Wavenumber, 


Transmittance, 


10 T 12 13 9 10 13 
Wovelengih, 


Fig. 5. Infrared spectra from 9 to 13 u of the 2:4 dinitrophenylhydrazone derivatives of 


n-alka ?.enals. They are labeled with the number of carbon atoms lm the aldehyde 


Spectra for two polymorphic forms are shown for the C,, C; and C,, derivatives; those 
labeled n’ correspond to the more stable polymorphic form (I). 


2 to 9 wand from 13 to 15 yu. The differences in the 9-13 mu region, although some- 
times minor, can be used for characterization and identification purposes in con- 
junction with the intensities of the 3-4, 3-5 and 6-52 yu bands. Accordingly the 
spectra of the various members of the series are shown only for the 9-13 m region 
in Fig. 5. The remainder of these spectra from 2 to 15 uw may be taken as very 
similar to that of n-nonenal in Fig. 3 except for the intensities of the CH stretching 
and bending bands already mentioned. In addition to the absence of a distinct 
peak at 6-10 yu, acrolein-DNPH shows other differences from the spectra of the 
higher members of the series in the 6-9 uw region. Our spectra for both the acrolein 
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and crotonaldehyde derivatives are in accord with those of Ross [25] when allow- 


ance is made for the presence of mineral oil bands in his spectra. The spectra of 


the hexenal and heptenal derivatives were found to have changed markedly after 


the disks had been stored at room temperature for 28 months. This change is 


shown in Fig. 5, where the spectra labeled 6’ and 7’ are those resulting after 


storage of disks which initially gave spectra 6 and 7. Comparatively minor changes 


which occurred on storage of the disks for other spectra of Fig. 5 will be mentioned 
later. 


Examination of the spectra of Fig. 5 with » larger than 4 reveals that the strong 


band near 12 «4 appears to be made up of two components, one with maximum 


absorption at 12-0 4 and the other at 12-1 u. In those spectra which show four 


absorption maxima between 10-4 and 11-0 a, the shorter wavelength component 


of the 12 « band predominates; but when only two peaks occur between 10-4 and 


11-0 «w, the longer wavelength component of the 12 « band is stronger. In all cases 


where any change in spectrum was observed during storage of the disk, the change 


was in the direction of weakening of the shorter and strengthening of the longer 


wavelength component of the 12 ~ band with a simultaneous change in the 10-4 


to 11-0 w region from a four- toward a two-band pattern. This suggests that the 


polymorphic form which is more stable at room temperature for each member of 
this series has a spectrum with only two absorption peaks between 10-4 and 11-0 u 
and with the 12-1 ~ component predominating in the 12 4 band. A somewhat 
similar situation was found by CHapMan [26] who showed that characteristic 
infrared spectral differences distinguish polymorphic forms of certain di- and 
tri-glvcerides 

In accordance with this proposed generalization for distinguishing between 
the stable and metastable polymorphic forms, the spectra of Fig. 5 have been labeled 


nor n for the metastable and stable forms respectively of the derivative containing 


n C-atoms with » greater than 4. In addition to the marked changes in spectrum 


already referred to that occurred during storage of the samples for n 6 and 7, 


much smaller changes of the same sort occurred for the disks which originally gave 


the spectra labeled 8’, 10 and 11 in Fig. 5, while no changes were observed for 


3.4.5.9 and 10°. These observations were for storage periods of slightly over 2 


years for 5.8'.9.10° and 11 and of approximately 8 months for 3, 4 and 10. It is 


interesting that only the octenal and decenal derivatives apparently crystallized 


initially in the stable polymorphic form in disks prepared by the chloroform 


solution technique. Almost identical spectra were obtained from disks prepared 
in this way from the two crystalline forms of the octenal-DNPH, but they differed 
slightly in the shape of the bands near 12-0 and 10-8 wv, suggesting that a mixture 


of two polymorphic forms was present in one or both of the disks. Slight change 


on storage confirmed that spectrum 8’ is probably that of a mixture containing a 


small amount of the metastable form. It is also apparent that spectrum 7’ is 


probably that of a mixture in which the stable form predominates. 


In two cases the correlation of type of spectrum with polymorphic form is 
unambiguous. The higher melting, lighter colored form (1) of decenal-DNPH has 


[25) J. H. Ross, Anal. Chem. 25, 1288 (1953), 
[26) D. Cuarman, J. Chem. Soe. 2715 (1957 
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spectrum 10’ of Fig. 5. Dr. F. T. Jones showed by microscopic examination of 
crystallization from the melt that the form of heptenal-DNPH corresponding to 
spectrum 7’ of Fig. 5 is stable at the melting point with respect to the form in 
which this compound had originally crystallized. Unfortunately the metastable 
form of the octenal-DNPH had transformed into the stable form before attempts 
were made to get unequivocal spectra of the two forms. The observations available 
accordingly suggest, but do not prove, that the more stable of the two polymorphic 
forms of n-alka-2-enal-DNPH’s likely to be encountered is the higher melting, 


Woverumber , 


Transmittance, 


8 
Wavelength , # 


Fig. 6. Infrared spectra from 7-5 to 13 4 of the 2:4 dinitrophenylhydrazone derivatives 

of n-alka-2:4-dienals. Thev are labeled with the number of carbon atoms in the aldehyde. 

Spectra for two polymorphic forms are shown for the Cy, derivative; the one labeled 12’ 
corresponds to the lower melting, metastable form (II). 


lighter colored form (1) with only two infrared absorption maxima between 10-4 
and 11-0 

The infrared spectra of the n-alka-2:4-dienal-DNPH’s show somewhat greater 
differences among the various members of the series than do the n-alka-2-enal 
derivatives. Except for the intensities of the bands due to CH stretching and 
bending. these differences occur largely in the 7-5 to 13 m region as illustrated in 
Fig. 6 for n = 6 to 12. Fig. 7 shows the spectra from 6 to 15 « of two polymorphic 
forms of 2:4-pentadienal-DNPH. Except for the hexadienal derivative, all the 


spectra of Fig. 6 are similar in the region from 13 to 15 m to curve B of Fig. 7. 


The spectrum of the hexadienal derivative resembles curve A of Fig. 7 in this 
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region. Two other cases should be noted where the 13-15 4 spectrum shows 
significant differences. (1) Form (1) of the dodecadienal derivative shows no well- 
defined peaks near 14-6 and 14-8 « and shows a shoulder on the long-wavelength 
side of the 13-8 i band (2) All specimens of the heptadienal DNPH prepared by 
the chloroform dispersion technique show an additional rather broad peak at 
13-25 « which has the effect of increasing the peak intensity at 13-1 « nearly to 
that at 13-8 4 with only a shallow minimum at 13-35 4. This feature did not 


appear when the vibratory grinder was used. This is the only case out of six 


wovenumber, cm~ 


%o 


Transmittance 


Wavelength, 4 


Fig. 7. Infrared spectra from 6 to liu of two polymorphic forms of n-penta-2:4-dienal 
2:4-dinitrophenyvlhydrazone. Spectrum B corresponds to the more stable. higher melting 
polymorphic form (1 


samples examined using both methods of preparing KBr disks where a major 
difference in band shape resulted from the difference in the method of preparation 
of the KBr disk. A further difference in this case is the appearance of the distinct 


peak at &S7 « (Fig. 6) as a shoulder when the vibratory grinder was used. 


i 


Of the dienal derivatives only dodecadienal- DNPH disks showed any change 


in spectrum after standing 18 months at room temperature. The spectra labeled 
12 and 12’ in Fig. 6 are, respectively, those of the higher- and lower-melting forms 
of dodecadienal-DNPH. On standing. disks with spectrum 12’ (or intermediate 
between 12 and 12’) changed towards spectrum 12. indicating that the higher- 
melting, lighter-colored polymorphic form is the more stable, as was also found 
above for the decenal-DNPH. Assignment of spectrum to poly morphic form was 
confirmed by preparing disks by the vibratory grinding technique. The chloroform 
solution technique \ ielded different spectra for the two forms of the C-12 derivative 
similar to those shown in Fig. 6 or intermediate between the two. Changes on 
aging showed that even one intially in the more stable form contained some of 


the metastable form 


62 


bcs | 500 200 900 800 700 
sol \ | (A) 
oF 
al nf | VOL. 
Wh 196] 
| 


Spectrophotometric studies of the 2:4-dinitrophenylhydrazones of n-alka-2-enals and n-alka-2:4-dienals 


In the case of the pentadienal-DNPH, the spectrum of each polymorphic form 
(Fig. 7) has been obtained in different specimens prepared by the chloroform 
solution technique from each of the crystalline forms, but never a spectrum 
intermediate between the two. No change was observed in aging of the disks 
showing either spectrum. That the higher-melting orange form is the more stable 
one also in this case is indicated by the observation that vibratory grinding could 
change the red form to the orange, but the reverse did not occur. 


Although no spectral characteristics were observed for distinguishing the more 
from the less stable form of the n-alka-2:4-dienal-DNPH’s, it appears that the 
darker-colored, lower-melting polymorphic form is probably the less stable one 
for the dinitrophenylhydrazone derivatives of both the n-alka-2-enals and the 


n-alka-2:4-dienals. 
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Infra-red absorption of heteroaromatic and benzenoid six-membered 
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Pyr-4-ones and pyr-4-thiones 
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Abstract—The infra-red spectra of six pyrones and pyrthiones in the region 2000-800 em~! are 
discussed and tentative assignments for most of the bands are suggested by analogy with other 
heteroaromatic compounds. 


THE previous paper in this series (Part X) [1] discussed the infra-red spectra of 
pyridones and pyridthiones; we have now extended this work to some pyr-4-ones 
(1), pyr-4-thiones (II), and a thiapyr-4-thione (III). These compounds are meso- 
meric and canonical forms of type (IV, X = O, 8) are important contributors; 


x 


x 

II IV 
their reactions and stability show a high degree of aromatic character {2}. Previous 
work on the Raman spectra of 2,6-dimethylpyr-4-one [3] and the infra-red spectra 
of thiapyr-4-one [4], pyr-4-one [5], and substituted pyr-4-ones [6, 7], has made 
available the spectra of some of these compounds, but discussion has been limited 
mainly to the rC—O, which has invariably been assigned to the strong band of 
highest frequency in the 1700-1600 em~ region. 


The present investigation represents an attempt to assign the principal absorp- 


tion bands of these compounds to specific vibration modes. Spectra of 0-2 M 
chloroform solutions in 0-1 mm compensated cells were measured, and apparent 
extinction coefficients recorded (the errors and approximations involved therein 
have been discussed [8}). 


The carbonyl stretching frequency 


In view of experience in the pyridone series [1, 9], the 1700-1600 em~! region of 
the infra-red spectra of pyr-4-one and its 2,6-dimethyl derivative were measured in 


a series of solvents (CaF, prism) as shown in the table (page 65). 


1} A. R. Katrrrzxy and R. A. Jongs, J. Chem. Soc. 2947 (1960). 

2) A. KR. Katrirzky and J. M. Lacowsk1, Heterocyclic Chemistry. Methuen, London (1960). 
L. Kanovec and K. W. F. Kontrauscn, Ber. deut. chem. Ges. 75, 627 (1942); 
and Ya. K. Syr«ry, Acta Physiochim. U.R.S.S. 10, 677 (1939). 

D. S. TARBELL and P. HorrMan, J. Am Chem. Soc. 76, 2451 1954). 

R. N. Jones, C. L. ANncety, T. Ivo and R. J. D. Smrrn, Can. J. Chem 37, 2007 (1959). 

D. Hersst, W. B. Mors, O. R. Gorriites and C. Dyerasst, J. Am. Chem. Soc. 81, 2427 (1959). 

J. D. Bu Lock and H. G. Sorra, J. Chem. Soc. 502 (1960). 

\. R. Katrirzxy, A. M. Monro, J. A. T. Bearp, D. P. DeEARNALEY and N. J. Ear, J. Chem. Soc. 
2182 (1958 


L. J. Bectamy, Trans. Faraday Soc. 55, 14 (1959). 
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The slopes recorded are those for the variation of the band frequency compared 
with that of the ¥C—O of acetone (redetermined under the same conditions). For 
2,6-dimethylpyr-4-one, it is clear that although the modes are somewhat mixed, 
the second mode is predominantly »C—O and the first predominantly a ring 
stretching mode. For pyr-4-one itself, the situation is more complicated; it appears 
that two bands are largely of »C—O character. It is probably significant that many 


unsaturated lactones show a split carbonyl band, as discussed in detail by Jones 
et al, |5) 


Solvent 2,6-dimethylpyr-4-one pyr-4-one 


cm 1 cm 1 cm 1 cm 1 
n-hexane 1682 1644 1684 1658 
{1679 
ots 1635 1680 1658 1621 
11675 
{1678* {1635 
660 62 
11675 11628 1621 
CH,CN 1673 1621 1675 1662 1614 
3 11632 
ly 1670 1615 1674 1661 11634 1613 
- | 1638* 
CHBr,CHBr, 1667 1612 1672 1660 po 1612 
Slope 0-86 1-94 0-70 0-18 - 0-96 
Standard deviation 0-03 0-26 O15 0-18 0-14 


1674 1634 


Throughout this paper * denotes shoulder. : denotes peak considered to be the superimposition ot 
two bands. (—-) band probably hidden under main peak. 


Ring frequencies 


Six ring frequencies (V—-X) would be expected in the 1700-800 em~! region, and 
the assignments tabulated at the top of page 66 are suggested. 

The two compounds which contain a sulphur atom in the ring usually show ring 
frequencies lower than the other compounds (cf. the behaviour of thiophenes 
compared with furans [10]). Otherwise, the four modes of higher frequencies 


{10} A. R. Karrirzxy, Quart. Revs. (London) 18, 353 (1959). 
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Vi Vil Vill IX X 


cm cm é cm 


‘ 4 em em em 1 
pyr-4-one 1660 500 1634 145 1464 1414 1317 260 919 200 
2,6-dimethyl- 
j-one 1670 650 1600* 1437* 1402 1335 60 936 135 
pyr-4-thione 1643 185 1623 460 1431 1411 5 1306 170 918 460 
2,6-dimethy] (1661* 215 
pyr-4-thione 1573 160 1447¢ 1389 1282 290 936 190 
. 1646 Hoo 
2,6-dimethylthia- 
pyr-4-thione 1590 650 1526 60 1335 273 1193 230 
thiapyr-4-one* 1574 1545 m 1504 : 1162 


From Probably helow S800 


1 1 1 


(V—VIIT) are found at positions not very different from those usually associated 
with six-membered aromatic compounds |10] and agree well with those for pyri- 
dones {1}. Mode (IX) is often too weak to be easily observed for many aromatic 
compounds but it probably causes absorption in crtho-disubstituted benzenes at 
1315411 em~{11] and in pyrid-2-ones at 1358+17 em~{1]. The ring breathing 
mode usually found near 1000 em~'{10] appears to be displaced to lower frequencies. 

Most of these bands are strong, as might be expected for strongly dipolar 
molecules, but the detailed intensity variations cannot yet be explained. Pyr-4- 
thione shows bands at 1553 (15) and 1533 em~! (25) which may be overtones or 
combinations, 


Methyl CH bending modes 


The 2,6-dimethyl compounds show bands as follows: 


2,6-dimethylpyr-4-one 1447 75 1376 
2,6-dimethylpyr-4-thione 14472 150 1374 
2,6-dimethylthiapyr-4-thione 1445 65 1382 


which probably correspond to the asymmetrical and symmetrical CH bending 
modes. 
The vC-—S mode 
The very strong bands at 1156 em~' (450) for pyr-4-thione, at 1092 em" (400) 
for 2.6-dimethylpyr-4-thione and at 1089 em~' (340) for the thia-analogue are 
assigned to vC=S. These values are comparable with the range 1119—1108 em~! 
found for pyrid-4-thiones [1]. 


Other bands 1200-800 cm~' for 2,6-dimethyl compounds 


The following assignments are suggested: 


Unex- 


Me rock pCH : Me or yCH plained 


1. 2,6-Dimethylpyr-4-one 1162 120 1035 867 210 1196 45 


2. 2,6-Dimethylpyr-4-thione 1164 80 1032 40 | o41* 5 860 390 — 


3. 2,6-Dimethylthiapyr-4-thione 1175 130 1030 20 991 55 867 65 1102* 45 


11) RK. R. Ranpwe and D. H. Warren, Report on Conference of Molecular Spectroscopy, Paper No. 12. 
Institute of Petroleum, London (1954). 
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Agreement between the compounds is satisfactory except in the 1000-900 em-! 
region. 


Other bands at 1200-800 cm ' for the unsubstituted compounds 


The suggested assignments are: 


yC Unexplained 


95 
pyr-4-one 5 60 
11007 20 
i (1136 130 
*-4-th 5s 
pyt 
» 
thiapyr-4-one* 
O67 


From [4]. 
Conclusion 
All bands of appreciable intensity (e, > 10) have been included in the above 
treatment, and reasonable assignments for most have been found. 


Experimental 
Compounds were prepared by the literature methods indicated, and recrystal- 
lized or redistilled prior to measurement: pyr-4-one, m.p. 31° ({12] m.p. 32°): 
pyr-4-thione, m.p. 47° ({13] m.p. 49°); 2:6-dimethylpyr-4-one, m.p. 131—132-5 
({14] m.p. 130°); 2:6-dimethylpyr-4-thione, m.p. 142-5-144° ({15] m.p. 145°); 


2:6-dimethyl-1-thiapyr-4-thione, m.p. 114-116° ({16] m.p. 114-2—114°8°). 
All spectra were measured with a Perkin-Elmer model 21 spectrometer under 
conditions already described [8]. 
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The assignment of infra-red absorption bands to fundamental vibrations in 
some metal—ethylenediamine complexes 


D. B. and N. SHEPPARD 
University Chemical Laboratory, Cambridge 
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Abstract—The infra-red spectra of ethylenediamine complexes of Pt II, Pd Il, Cu Il and Ni IT 
have been compared. An assignment has been made to the fundamental vibrations of the 
molecules on the basis of comparison with the spectra of molecules whose assignment is estab- 
lished and by examining the frequency shifts produced by conversion of the NH, groups of the 
ethylenediamine to ND,. The effect of hydrogen bonding with the anion on the infra-red spectra 


of these complexes is discussed. 


IN PREVIOUS papers |1, 2], we have commented on the existence of two main types 

of spectra (A and B) in metal-ethylenediamine co-ordination complexes. The 

principal aim of the present work was to make more detailed assignments of typical 

A- and B-type spectra with the help of data on deutero complexes, where the 
NH, groups have been replaced by —ND,,. 

In the course of this work it became apparent that the appearance of the spectra 
of palladium-II and platinum-II ethylenediamine complexes depends considerably 
on the strength of hydrogen bonding with the anion, and this point is discussed 
hirst 

Effects caused by hydrogen bonding between cation and anion 

Fig. 1 shows the infra-red spectra of Pt(en), |Cl,, | Pt(en)Cl,] and [Pt(en),|PtC],. 
The spectra for the platinum derivatives are very similar. In our first paper [1] on 
ethylenediamine complexes, the platinum and palladium complexes, |M(en),|Cl,, 
(M = metal atom) were found to give type-A spectra which differed from others of 
this type in that there was no strong band in the region 800-650 em-!. When 
commencing a detailed analysis of such spectra we studied the complexes | M(en)C],| 
for each of these metals in order to overcome possible spectral complications 
caused by coupling between two ethylenediamine groups in the same complex ion. 
A surprisingly modified spectrum was found [Fig. I(b)], which does have a strong 


' and has a more normal type-A appearance. It was also noted 


peak at 729 cm 
that both the NH, stretching and NH, scissors (bending) frequencies showed 
evidence for stronger hydrogen bonding for the |M(en),/Cl, compounds. The 
complexes |M(en),|]PtCl, were therefore studied, as it is well established from the 
spectra of other ionic solids, such as the amine salts [3], that large negative ions 
give rise to much weaker hydrogen bonding with NH groups than do halide ions. 
As can be seen from Fig. l(c), the tetrachlorplatinate does have a spectrum con- 
siderably different from the chloride and similar to that of | Pd(en)Cl,]. From these 
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experiments it is clear that hydrogen bonding plays a considerable part in deter- 
mining the appearance of such spectra and that if interest is centred in the structure 
of the cation itself, rather than in cation—anion interaction, it seems advisable to 
study compounds with complex anions, or non-ionic complexes. However, it 
should be noted that this hydrogen-bonding effect seems to particularly marked 
for the [Pt(en),]** and [Pd(en),|?* ions, since the spectra of both the [Cu(en),|** and 


-- 


| 
(a) 


3500 25 2000 5 000 


Fig. 1. Infra-red spectra of platinum-IT ethylenediamine complexes, 3500 em~! to 750 em=". 
(a) | Pt en), (bh Pt(en)Cl, : {Pt en), PtCl,. 


{Ni(en),]?* ions are little changed on replacement of the chloride ion by | PtCl,}*~. 

Although the spectra shown in Fig. 1 do show some remarkable differences, these 
seem mostly to be determined by large changes in intensity and moderate changes 
in frequency of a few bands. As we shall show below, there is little difficulty in 
correlating bands in the three spectra. 


The detailed assignment of spectra to fundamental vibrations 
The infra-red spectra from 3600 cm~! to 400 em*! have been obtained of the 
following compounds and, in most cases, their deuterium-substituted analogues: 
[Pt(en),|Cl,, [Pt(en),]PtCl,, [Pt(en)Cl,], [Pd(en),)Cl,, | Pd(en),|PtCl,, |Pd(en)Cl,}, 
(Cu(en),|PtCl, and {[Ni(en),|PtCl,. The absorption frequencies observed for these 


» 


complexes are given in Table 1, and in the first column an assignment is made on 
the basis of the discussion which follows. The spectra of the palladium-II com- 
plexes are illustrated in Fig. 2, together with the type-B spectrum of [Cu(en),|PtCl, 
for comparison. The platinum-II complexes are similarly shown in Fig. 3 compared 
with the spectrum of | Ni(en),|PtCl,. 
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Fig. 2. Infra-red spectra of palladium-IT and copper-IT ethylenediamine complexes and 
their deutero derivatives (1750 to 400 (1) (a) | Pd(en 2 ( l.; (b) Pdi(en 


(c) [Pd(en)Cl,}; (d)[Cu(en),|PtCl,. (ii) Deutero derivatives shown with broken line. 
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Fig. 3. Infra-red spectra of platinum-II and nickel-II ethylenediamine complexes and 
their deutero derivatives (1750 to 400 (i) (a) {[Pt(en),)Cl,; (b) [Pt(en),]PtCl,; 
c){Pt(en)Cl,]; (d)[Nifen),)PtCl,. (ii) Deutero derivatives shown witb broken line. 
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Infra-red spectra of metal—ethylenediamine complexes 


The fundamental vibrations of these complexes can be considered in five cate- 
gories, generally occurring insimilar molecules within the following frequency ranges: 
(1) NH, and CH, stretching vibrations, 3500-2750 em—. 
(2) NH, angle deformations, 1700-600 
(3) CH, angle deformations, 1500-700 em-!. 
(4) Skeletal stretching vibrations. mainly involving C—C and C—N bonds. 
1300-750 


(5) Skeletal stretching vibrations. mainly involving metal—nitrogen bonds. 
below 600 em-. 


Skeletal bending vibrations of the chelate ring may also occur below 600 cm-!, 
If we consider the vibrations of the four molecules with type-A spectra in terms of 
these categories a fairly consistent pattern is found, though it should be noted that 
in some cases the assignment is partly formal, because of coupling effects between 
vibrations of the same symmetry classes. 


The type-A spectra of the platinum and palladium complexes 
In this section of the discussion we shall give specific frequencies for the 
spectrum of | Pt(en)Cl,] wherever possible, although in some cases other compounds 
have to be used as some bands of this complex are weak or obscured by other 
absorption bands. 


(i) and tching vibrations. 

These vibrations show few features of interest except for the indications of 
hydrogen bonding with the anion observed with the complexes [Pt(en),]Cl, and 
|Pd(en),jCl,. The frequency changes on deuteration of the NH, groups are of the 
expected value, e.g. for [Pt(en)Cl,], YNH/yND = 1-35. 

The CH, stretching vibrations are relatively weak and are in some cases difficult 
to detect. 


(ii) ONH, angle deformations 

There will be two NH, vibrations per (en) group of each of the types of scissors 
(bending), wagging, twisting and rocking. However, the |Pt(en),]?* ion will 
probably have a centre of symmetry relating to the two (en) groups, and this will 
cause only half of the total number of vibrations to be infra-red active. and the 
spectrum of this ion should be similar to that of the compound | Pt(en)Cl,]}, except 
for some frequency shifts. 

If the compound [Pt(en)Cl,] is taken as an example, the NH, scissors vibrations 
occur at 1561 em~', and at similar frequencies for the other complexes. The deuter- 
ation experiments on [Pt(en)Cl,] also identify further absorption bands at 1290, 
1192, 1131 and 991 em~ as NH, vibrations and these can be assigned to the two 
NH, twisting and two NH, wagging vibrations. More definite identifications of 
these bands cannot be made, but it is probable that the two higher frequencies 
should be assigned to the wagging vibrations. The NH, rocking vibrations are 
expected to be of lower frequency, and in the compounds of the type | M(en)C,] and 
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(M(en),}PtCl, these must give rise to the strong absorption near 745 cm~!. In the 
chlorides of the type |M(en),]** the absorption band in this region that moves 
on deuteration is that at 831 em~! for the platinum-II and at 804 em~? for the 
palladium-Il complexes. Although these bands are surprisingly weak, there is little 
doubt that they represent the NH, rocking modes. The NH, rocking vibrations in 
all these compounds are strongly coupled with the skeletal vibrations, as reflected 
in the small frequency shifts on deuteration; for the 804 em~! band of {[Pd(en)C\,], 
yNH/yND = 1-18 and for the 831 em~! peak in [Pt(en),|Cl,, YNH/yND = 1-19. 


(iii) OCH, angle vibrations 


The absorption bands from 1500 em! to 700 em which do not show large 
frequency changes on deuteration of the NH, groups can be assigned to CH, 
vibrations or to skeletal stretching vibrations of the ligand ring. Individual vibra- 
tions can only be identified on the basis of comparison with simpler molecules 
containing two CH, groups with the gauwche-configuration, such as the 1:2-dihalo- 
ethanes [4], and ethylenediamine itself [5]. The dCH, frequencies usually follow 
the order, scissors > wagging > twisting > rocking. The dCH, scissors vibrations 
occur between 1475 and 1450 em~ for all these compounds. The two CH, wagging 
modes can be assigned to two absorptions, one weak and one of medium strength 
at 1395 and 1377 em? for | Pt(en),}Cl,, but in the other platinum complexes with 
one ethylenediamine group the weaker of these vibrations is less readily distin- 
guished. The pair of bands at 1311 and 1275 em~ for [Pt(en),|Cl, are probably due 
to the two CH, twisting modes. Although these bands are only weak—medium in 
strength, they are also easily identified in [Pd(en),}Cl,, and are readily distin- 
guished in the deutero derivatives of all the compounds. 

The two CH, rocking vibrations are difficult to distinguish, but the medium—weak 
band at 873 em~! in the spectrum of [Pt(en)Cl,] and at 897 em~! for the other 
platinum complexes, could arise from one of these vibrations; the other CH, 
rocking vibrations cannot be identified, except in the spectrum of the deutero 


derivatives when the presence of the absorption band in this region due to ND, 


rocking causes an increase in intensity of several bands, one of which, at 824 cm~ 
for | Pt(en)Cl,]| is chosen as the missing vibration. Similar effects in this region of 
the spectrum are noted for all the complexes. 


iv) Skeletal stretching vibrations involving mainly C—C and C—N bonds 

Three skeletal vibrations of this type are expected per (en) group. For ethylene- 
diamine itself the three vibrations have been identified at 1130, 1095 and 830 em— 
>|. In the complexes the strong band near 1050 em is almost certainly due to 
one of these vibrations and as expected shows only a small frequency shift on 
deuteration of the NH, group. An absorption frequency which occurs consistently 
in the deutero derivatives, though it cannot be detected in the hydrogen analogues, 
is at 1158 for | Pt(en),}Cl,, and near 1160 em~ for | Pd(en)Cl,] and [Pd(en),]|C\,, 
and may be due to the highest frequency skeletal vibration. The third skeletal 
vibration, also intensified by deuteration, probably occurs at 865 em~' in[Pt(en)CI,], 


4| TI. NAKAGAWA and 8S. Mizusuia, J. Chem. Phys. 21, 2195 (1953). 
5) J. Becranato, Anales. real soc. espan. fis. y quim. (Madrid) B52, 363 (1956). 
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and at similar frequencies in the other complexes. The assignment of this lower 
frequency could, however, be interchanged with either of the CH, rocking vibra- 
tions in this region. 

Confirmatory evidence for skeletal frequencies near 1050 and 860 cm~! comes 
from the Raman spectrum of [Pt(en),]Cl,, where the corresponding bands are 
expected to give prominent lines; two such lines were found at 1079 and 840 
em~ [6]. 


(v) Skeletal stretching vibrations involving metal—N bonds 

For a planar complex of symmetry D,, having four identical M—N_ bonds, 
three skeletal stretching vibration frequencies (one doubly degenerate) are expected. 
The frequencies of these vibrations for [Pt(NH,),|Cl, are 536 and 525 em~! (Raman) 
[6] and 510 em~ (infra-red) [7]. The first of these vibrations is the totally symmetric 
mode, and the corresponding symmetric vibration for {[Pt(en),}Cl, occurs at 570 
em [6]. In the light of these results it is unlikely that the infra-red active stretch- 
ing vibrations will occur at frequencies below 500 cm~! for the platinum complexes. 
Previous work on palladium—ammonia complexes indicates that frequencies for 
the Pd—N stretching vibrations will be only slightly lower than those for Pt—N 
bond [7]. 

In the complexes of the type | M(en),|Cl, the two expected bands are observed, at 
589 em~ and 546 em~ for [Pt(en),|Cl,, and 585 and 521 em~ for [Pd(en), |Cl,, but 
on deuteration one of these bands becomes very weak or disappears. In the com- 
plexes {[M(en)Cl,] only one band is observed in this region for {Pt(en)Cl,], at 570 
em~', but with [Pd(en)Cl,] a second weak band appears at 539 cm~!. The appear- 
ance of three bands in both the platinum and palladium complexes [M(en),|PtCl, 
is difficult to explain, as there seems no reason why the Raman active symmetric 
vibration should become infra-red active. It is seen that the corresponding three 
bands are also present in the deutero derivative of [Pt(en),|PtCl,. 

All these skeletal vibrations show quite large frequency shifts on deuteration 
and, as the mass effect will be small, the change must be due to vibrational coupling 
with —-NH, rocking vibrations. 

A band occurring in most of the complexes below 500 cm~' is probably associated 
with a ring bending vibration. 


The type-B spectra of [Cu(en),|PtCl, and [Ni(en) ,|PtCl, 

Although there are characteristic differences in these spectra from those of the 
type-A spectra considered in detail above, it can be seen from Table 1 that corre- 
sponding vibration frequencies can usually be identified. Most of the spectral 
differences are due to intensity changes in the spectrum. In particular, the band 
at 1000 cm~ is much stronger in the type-B spectra; this causes some of the 
bands to appear to be very weak and in some cases to be difficult to detect. The 
apparent simplicity of the type-B spectra probably arises from this cause [2] rather 
than from any fundamental difference in the nature of the complexes as was 
earlier suggested [1]. 


L 
96] 
(6| J. Marurev, J. Chim. Phys. 36, 308 (1939). 
[7] D. B. Powe x and N. Sueprap, J. Chem. Soc. 3108 (1956). 
75 


D. B. Powe. and N, SHEPPARD 


X-ray diffraction studies have shown that, whereas in the trans-(Co(en),Cl,]* 
ion the two N atoms of each ethylenediamine group are equally bonded to the 
metal [8], in [Cu(en),}{/ Hg(CNS),] the ethylenediamine group shows an appreciable 
disparity in the Cu—N bond distances, while still having the gauche-configuration 
of the ring [9]. The resulting distortion of the chelate ring could well give rise to 
the intensity differences observed for the type-B spectra, without altering the 
actual pattern of the spectrum, since the symmetry class remains unchanged. 


Experimental 

Infra-red spectra were obtained as dispersions in liquid paraffin (2750-1500 
emt and 1250-500 em~!) and hexachlorbutadiene (3600-2750 em™ and 1500-1250 
em‘). A Hilger H800 spectrometer was used with rock salt and potassium bromide 
optics. 

The ethylenediamine complexes were prepared by the usual methods, and the 
tetrachlorplatinates precipitated by addition of K,PtCl, in aqueous (or D,O) 
solution. All complexes were dried in vacuo over P,O,. 

Most of the deutero derivatives were prepared by dissolving the complexes in 
DO (99-98 per cent), allowing to stand for exchange of NH, hydrogen atoms to 
take place, and then evaporating in vacuo over P,O;. The process was repeated 
until no —NH, groups could be detected in the infra-red spectrum. Deutero 


(Pt(en)Cl,] was precipitated in D,O solution from K,PtCl, by adding a solution of 


the deutero-dihydrochloride of ethylenediamine, to which sufficient K,CO, had 
heen added to liberate the free base. 
lgement—We thank Imperial Chemical Industries Limited for financial assistance and 


particula or the gift of the deuterium oxide 


S| NAKAHARA, Sarro and Kuroya, Bull. Chem. Soc. Japan 25, 331 (1952) 
0) H. Scoviount, Acta Cryst. 6, 651 (1953 


VOL. 


17 
196] 


Spectrochimica Acta, 1961, Vol. 17, pp. 77 to 81. Pergmon Press Ltd. Printed in Northern Ireland 


The use of indene for the calibration of small infrared 
spectrometers* 


RK. NorMAN Jones, N. B. W. Jonaruan.+ Margory A. MacKenzie 
and A. NADEAU 


Division of Pure Chemistry, National Research Council of Canada 
Ottawa, Canada 


( Received 19 


August 1960) 


Abstract 


have been measured with an absolute precision varying from +3 to £0-2 em-, using a grating 


Seventy-seven bands in the infrared spectrum of indene in the range 4000-690 em! 


spectrometer. Cyclohexanone and camphor (0-8 weight per cent) can be added to provide 


additional bands in the 1750-1700 em~! region without significantly displacing the position of 


the indene maxima that lie outside of this range. These liquid systems are chemically stable 


provided they are stored in sealed ampules; they are recommended for the calibration of prism 


spectrometers. 


THe calibration of small infrared prism spectrometers by the use of the rotational— 


vibrational spectra of gases is limited by the inability of such instruments to 


resolve a sufficient number of absorption lines appropriately distributed across 
the spectrum. This is particularly true above 2000 em-! when a sodium cbloride 
prism is employed. 

Intrinsically it is more difficult to locate the peak of a broad structureless 
vibration band in the spectrum of a liquid or solid than the narrower rotation— 
vibration line of a gas spectrum, nevertheless the calibration of low-resolution 


spectrometers by means of condensed phase spectra need not be less accurate. 


What may be lost in the absolute precision of the calibration point can be offset 


by the reduction in interpolation error if the condensed phase calibration data are 
numerous and well distributed. 


Several bands from the spectra of polystyrene, toluene, 1:2:3- and 1:2,4- 


trichlorobenzene, methanol and methyleyclohexane have been accurately measured 


as a liquid phase calibrant material by Jones et al. [3] The latter workers have 
drawn attention to the richness of the indene spectrum in which fifty-four bands 


were resolved by a small sodium chloride prism spectrometer between 4000 and 
1. 


for this purpose by PLYLER and collaborators [{1, 2], and indene has been proposed 


650 em the number of resolved bands increases to about eighty under higher 


resolution. In the publication cited above [3], provisional values for the positions 


of the indene bands were given, based on measurements made with a double-pass 


prism spectrometer. The spectrum of indene has now been redetermined with a 


* Published as contribution no. 6065 from the Laboratories of the National Research Council of Canada. 
National Re searen Council Postdoctorate Fellow. 


1} E. K, PLyver and C. W. Peters, J. Research Nat. Bur. Standards 45, 462 (1950). 

2) E. K. Pryver, L. R. BLatne and M, Nowak, J. Research Nat. Bur. Standards 58, 195 (1957). 

3) R.N. Jones, P. K. Faure and W. Zanartias, Colloquium Spectroscopium Internationale, Liége, 
Igium 1958; Revue niverselle mines 15, 417 (1959). 
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Table 1. Positions of absorption maxima in the infrared spectrum of indene 


Wavenumber (vac.) Cell thickness 


Band no.*F 


(cm ) (mm) 
1 (1) 3926- 
(la) 3900-7 
(2) 3797-5 
2a) 3747- 
(3) 3656- 
(4) 3610- 
(5) 3455- 
(6) 3297: 
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lable l (contd ) 


Wave-number (vac.) Cell thickness 
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figures in parentheses provide for cross reference with the band numbering system used in 
3 

ven additional bands covering the range 650-300 cm”! were also recorded in the previous pub 

They have not been remeasured because they lie outside of the wavenumber range of the 


er 
not be resolved by the smaller types of prism spectrometers, 
etry, superposition on atmospheric water vapor or carbon dioxide bands, or for 


se bands are less suited for accurate calibration, They are included to provide secondary 


sin regions where better bands are not availabk 


high-resolution grating spectrometer, and the purpose of this note is to report 
these new and more accurate measurements. 

A modified nitrogen-flushed Perkin-Elmer model 112G spectrometer was used, 
calibrated from the data recommended by PLYLER et al. for this purpose [4]. Each 
of the indene absorption bands was scanned separately, and corrections were 
applied for calibration drift due to temperature change during the measurements. 
The estimated uncertainty of the grating spectrometer calibration did not exceed 

0-05 em~' in any region of the spectrum. The new values for the positions of the 
4) E. K. Pryver, A. Danti, L. R. Biaine and E. D. Tipwe.t, J. Research Nat. Bur. Standards 64, 29 
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indene absorption bands, given in the accompanying table, are the mean of three 
independent sets of measurements performed by different operators on two 
different samples of indene. The spectrum of indene, as determined on a Perkin-— 
Elmer 112 double-pass spectrometer using calcium fluoride and sodium chloride 
prisms, is shown in Fig. 1. Comparison with the data published previously [3] 
shows that although the grating measurements provide a more exact evaluation 
of the band positions, only for the bands numbered 35 and 51 in Table | do the 
new values lie outside of the previously estimated tolerance ranges, and the maxi- 
mum discrepancy is 0-5 em~!. 

To provide additional calibration points between 1797 em~ and 1686 em~ it 
has been recommended that 0-8 per cent by weight of both camphor and cyclo- 
hexanone be added to the indene, as the C—O stretching bands of these additives 
introduce additional absorption peaks at 1741-8 and 1713-5em—. The 
complete spectrum of this ternary mixture of indene, camphor and cyclohexanone 
has also been determined on the grating spectrometer, and the measurements 
show that the additives induce no significant displacements of any of the indene 
bands outside the range 1750-1700 em~'. The ternary mixture may therefore be 
used in place of pure indene for calibration over the whole spectral range. 

The two indene samples were obtained from Theodor Schuchardt G.m.b.H., 
Munich, Germany, and from the Neville Chemical Co., Pittsburgh, Pa.; both were 
distilled at atmospheric pressure through a Todd column and a middle cut (b.p. 
180-0—180-5°C) was collected and stored in sealed |-ml glass ampules, which were 
opened as required, immediately before use. Analysis of the product from the 
Neville Chemical Co. by vapor phase chromatography under four differing sets 
of conditions all indicated that at least 99-7 per cent of the material appeared on 
the chromatogram asasingle peak. Neither the grating spectrum nor the chromato- 
graphic behavior exhibited any significant change after storage of the sealed 
ampules at room temperature in the dark for 9 months. 

These measurements suggest that indene, with or without the additives, can 


be a very useful material for the calibration of small prism spectrometers, and 
that its chemical stability is adequate, provided the precautions noted in the 


preceding paragraph are observed. 
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Abstract—A theory is presented which predicts vibrational and rotational frequency shifts and 
changes in geometry in condensed phases for spherically symmetric tetrahedral molecules. The 
change in bond length, Aro, is: 
y 7 
Ar, Yo 


where g, is the interaction distance between the peripheral atoms of the molecule and the cavity 
within which the molecule resides, A/, is the change in the doubly degenerate frequency para- 
meter, and /,° is the frequency parameter of the totally symmetric vibration in the gas phase. 
Since the quantities on the right must all be positive under all conditions, the bond length is 
always longer in a condensed phase than in the gas phase. 


Che changes in the frequency parameters are given by: 


K 


2K')/3my(4 + mo/my) 


where K and K’ are two constants which can be found from the intermolecular potential function, 
my, and m, are the masses of the peripheral and central atoms, respectively, w» and jy, are the 
corresponding reciprocal masses, f?, and f2, are the triply degenerate stretching and bending 
force constants, respectively, and 7 is either 3 or 4; if 7 is 3, then j is 4, and vice versa. The 
constants K and K’ can be computed from the observed values of AA, and A/, by using the 
first two equations. The values found in this way for CF, and TiCl, are consistent with those 
predicted from a 6-9 potential function. The computed value of Ad, for CF, is in excellent 
agreement with that found experimentally. It is also shown that for any spherically symmetric 
tetrahedral molecule, AA, and A/,,, must always be positive, i.e. the gas-phase frequencies 
are smaller than the corresponding ones in the liquid or solid. On the other hand, AA, must be 
negative for a liquid, but can be either positive or negative for a solid. For a 6—9 intermolecular 
potential function, —7 < AA,/A/, 2 for a liquid, but AA,/A/, 2 for a solid. 


I. Introduction 
RECENTLY there has been considerable interest in the effect of environment on 
vibrational frequencies. A meeting has just been devoted to this subject [1]. Until 
recently it had been thought that the bulk properties of the environment played 
the predominant role in shifting the vibrational frequencies. However, it is now 


1] H. THompson and co-workers, Proc. Roy. Soc. (London) A255, 1 (1960). 
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realized that the shifts can be explained by the influence of nearest neighbours |! }. 
It is the purpose of this paper to develop a theory to account for vibrational and 
rotational shifts and change in molecular geometry for tetrahedral molecules as a 
result of nearest-neighbor interactions. 
The vibrational frequencies of an isolated (dilute gas) molecule are found from 
the relation: 
IG°F® — = 0 (1) 


where G, F and / are, respectively, the inverse kinetic energy matrix, the potential 
energy matrix and the frequency parameter, as described by WILson ef al.{2] The 


Fig. 1. Cavity and mass-weighted Cartesian co-ordinates of tetrahedral molecule. 


superscript ° refers to the unperturbed isolated molecule. £ is the unit matrix. 
In general, when the molecule is no longer isolated, G, F and 4 change. However, 
the G-matrix remains unchanged when the molecule is perturbed if an appropriate 
co-ordinate system is used. The secular determinant for the perturbed molecule is: 
IGF’ 0 (2) 
where the superscript ' refers to the perturbed molecule. The superscript has been 
dropped from @ since G° = G’. 
Our problem is to find AF F°®. We can then solve directly for the /,’, 
and thus for the AA, = 4,’ — A,°. 


II. The model 


In a liquid or solid, any individual molecule resides in a cavity, as shown in Fig. 1. 
The tetrahedral molecule is shown inside a fictitious cube to enhance visualization 


[2] E. B. Witson, Jr., J. C. Dectus and P. C, Cross, Molecular Vibrations. McGraw-Hill, New York 
(1955). 
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of the molecule and co-ordinate system. The four positions of the cavity marked 
1 11. IL and IV are unique positions in that the molecule lies in a potential energy 
minimum when the peripheral atoms |, 2, 3 and 4 are lined up opposite I, I, 11 
and IV. There may be more than four of these unique points on the edge of the 
cavity, and the molecule may be aligned randomly with respect to these positions. 
The results will be the same for any alignment. It should be realized that the 
points I-1V need not represent atoms of neighbouring molecules. 

In a solid the cavity is rigid, and the molecule neither translates nor rotates; 
the vibrational spectra should be sharp. On the other hand, there is considerable 


Fig. 2. Enlargement of region between atom ¢ and cavity showing the p-co ordinates. The 


dotted cu le represents the atom in its equilibrium position, whereas the solid cir le 


repre sents the atom at sor other position. 


translation and rotation in a liquid; the vibrational spectra will be ‘‘smeared-out 
with peak absorptions corresponding to the potential-energy minimum, 

To facilitate the computation of AF, three separate co-ordinate systems will be 
considered. The first of these is the p-co-ordinate system as shown for one atom in 
Fig. 2. This figure is an enlargement of the region between a peripheral atom and 
the cavity edge. The dotted circle corresponds to the atom at its equilibrium 
position, whereas the solid circle corresponds to the atom at any arbitrary position. 
Analogous co-ordinates exist for each of the peripheral atoms of the molecule. 
This co-ordinate system is used because it gives rise to the simplest expression for 
AF. 

The second co-ordinate system is that of mass-weighted Cartesian co-ordinates. 
The perturbed vibrational problem must be solved in external co-ordinates for two 
reasons: (1) translation and rotation may not be separable from the vibrational 
problem, and (2) the (i-matrix in internal co-ordinates (or the co-ordinates them- 
selves) is different for the isolated and perturbed molecules. Mass-weighted 
external co-ordinates are useful since, with these co-ordinates, the @-matrix is just 


the unit matrix. 
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The last co-ordinate system we will use is that of internal co-ordinates. This 
co-ordinate system is necessary as it is the only one for which F° is usually com- 
puted. 

The change in potential energy as a function of displacement, AV 
from the interaction of each peripheral atom with the cavity is: 


Tesulting 


2AV = 2K'dig Aq; + (3) 


where K’ = (1/¢,)(0V,,/0q,) evaluated at q,9, and K = 0?V,,/0q,? evaluated at 
dio. The term 1/q,, is included in K’ so that K and K’ have the same dimensions. 


From simple geometrical conditions, we find that: 
Aq, Api (1 2 (Ap (Ap,3)*] 


(Api)? 
Thus: 


Apa K'|(Ap,.)* (Ap,s)*] K(Ap,)? (6) 


The interaction potential energy between the cavity and the central atom is much 
smaller than that of equation (6). In fact, because of the symmetry, the first-order 
potential constant must be zero. Thus AV, 
interaction potential energy. 


, is considered to be the complete 


III. Restrictions on the potential function 
While equation (6) gives the change in potential energy caused by the cavity, 
it is useful only if all the displacements are small, and terms higher than second 
order can be neglected. If the molecule undergoes large translations and rotations, 
these motions can be separated from the vibrations by forcing equation (6) to 
satisfy the Sayvetz conditions. To do this consider the functions: 


m}* Ax, 


=) dz, 


4 
Ye > Z, Ax, Az] X, Ay, — Y, Ax,] 
i=l 


i 


where m, is the mass of atom i, and X,, Y, and Z, are the moment arms of atom ¢ as 
given by: 
) 2 Z, Z, 3 


(4) 
2AI 2> AV. 
iol 
4 
> 
| 
i=1 
OL. 
17 
96] 
¥, => mj” dy, 
i=l i=l 
‘ 
=D Az, Ay) (7) 
where 7, is the equilibrium value of the bond length. 
85 


HEICKLEN 


To insure that the potential function meets the restrictions imposed on trans- 
lation and rotation, the functions (7), with the appropriate Lagrangian multipliers, 
must be added to equation (6). We will be interested in the quadratic terms, so we 
use the squares of the functions (7) to get: 


4 
2AV, = ¥ {—2K'qio Apa, + + (Apis)*] + K(Apa)? 4 
i=l 

Since all the additional terms are independent, each must equal zero, so as to leave 
the potential function unchanged. Thus each of the functions (7) or its coefficient 
must be zero. If the translations and rotations are small, the coefficients are set 
equal to zero and (9) reduces to (6). If the translations and rotations are large, the 
Sayvetz conditions are imposed on the quadratic part of the potential energy by 
setting the functions (7) equal to zero. 

We now consider the restrictions for various conditions: 

(1) Neither the molecule nor the cavity translates (rotates) large distances, as in 
a solid at rest. There are no restrictive conditions, so y, = y, = y, = 9 (9, = @, 

g. = 0). The energy of translation (rotation) is zero as the translational 
(rotational) mode has passed completely into vibrational modes. 

(2) The molecule translates (rotates), but the cavity follows the average trans- 
lation (rotation). This situation represents a translating (rotating) solid, and to 
some extent, a liquid either at rest or moving. It represents the liquid only insofar 
as the molecule is capable of “dragging” the cavity with it in its random wandering. 
Again there are no restrictive conditions so that y, = y, = y, = 9(¢. = Py = @: 

0). However, the energy of the molecule is not determined entirely by the 
vibrational problem. The macroscopic translational (rotational) energy plus, in the 
case of a liquid, the average molecular translational (rotational) energy within the 
liquid itself must be included in the total molecular energy. 

(3) The molecule translates (rotates), and the cavity cannot follow the trans- 
lation (rotation). For the most part this is the state of affairs in a liquid where the 
molecule passes from cavity to cavity (assumes various orientations within the 


same cavity). There is a restrictive condition in this case, i.e. the translational 


(rotational) mode must be a normal co-ordinate; y,, y, and y, (y,, g, and ¢,) are, 
in general, not zero. The total energy includes the macroscopic translational 
(rotational) energy as well as the average molecular translational (rotational) 
energy within the liquid. 

(4) The cavity follows the detailed translation (rotation) of the molecule. 
This is a fictitious situation as it requires infinitely large intermolecular forces. 
The translation (rotation) is completely separated from the vibrational problem as 
in a dilute gas; y,, y, and y, (¢,, gy, and ¢,) are, in general, not zero. 

Thus, we see from cases | and 2 that for the solid y, = y, = y, = Pz = Py 

q 0. For the liquid an ambiguity exists in the values of the Lagrangian 
multipliers depending on the extent to which case (2) or (3) applies. It will be 
shown that cases (2) and (3) give the same results; exactly for rotation, and to the 
first-order approximation for translation. 


VOL. 
17 


196] 


; 

. 
“4 
az 


Frequency shifts and geometrical changes in condensed phases—I 


IV. Changes in molecular geometry 

Because the vibrational energy is computed from an expansion about a mini- 
mum, the first-order terms must be zero. Consequently the perturbed molecule 
must be distorted to compensate for the first-order terms in A V.. Since A V, has 
no first-order terms in the “angular” co-ordinates Api. and Ap,., the angles are un- 
distorted and the perturbed molecule remains tetrahedral. However, there are 
first-order terms in the “bond’”’ co-ordinates Ap,,, As AV, is symmetrical with 
respect to all four bonds, the distortion can be computed by considering the 
symmetric deformation co-ordinate AS , which is described in Table 1. 

Consider the relationship: 


AS ,, = AS, OAS , (10) 


where AS ,, is the symmetry co-ordinate for the dilute-gas molecule. AS , is the 
symmetry co-ordinate for the perturbed molecule. and OAS, is their difference. 
The potential-energy change A V’,, due to this co-ordinate is: 


2AV 4 = 4)? + 248 OAS, 4 (OAS ,)?] (11) 


where f§ , is the diagonal force constant corresponding to AS ,,. The first term on 
the right belongs to the quadratic term for the perturbed molecule. The last term 
on the right is a constant and can be neglected, as the constant terms play no role in 
the vibrational problem. The middle term on the right is the first-order term and 
must cancel the first-order term of A V.. Thus: 


4 
of? AS OAS , > 2K'd Ap 0 (12) 
i=] 


For all four atoms the ¢,,, are equal. We drop the subscript i and move 2K'q, to 
the left of the summation sign. Since Ap, Ar,, where Ar, is the bond deforma- 


= ? 0 


4 
tion in the perturbed molecule. > Api, = 2A8,. Also > Ari, where Ar, 
l 


= 
is the difference of the equilibrium bond length in the perturbed molecule and that 
in the dilute-gas molecule. From symmetry, all the Ar,, are equal; hence we drop 
the subscript and find that OAS, = 2Ary. Finally we know that iis Mph 4°, 
where m, is the mass of a peripheral atom, and /,° is the totally symmetric vi- 
brational frequency parameter of the unperturbed molecule. Making all the sub- 
stitution gives: 


Ary = (13) 


Looking ahead to a result of the next section. ie. K’ = myAi,, we find that 
equation (13) becomes: 


Ary = (14) 


where Aj, is the difference of the doubly degenerate frequency parameter in the 
perturbed and unperturbed molecule. Since Ai, is always positive (see Sections V 
and VI), as are the other quantities on the right-hand side of (14), the bond length 
is always longer in a condensed phase than in the gas phase. 
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V. Changes in the vibrational frequencies 
Now that we have disposed of the first-order terms, we consider the quadratic 
part of the potential energy. The change in this part, AV, introduced by the 


CAVITY 15 


AV )*] + K(Ap,,)"} 


(15) 


From (15) we can find AF and solve the secular equation. First, however, we must 
transform from the p and mass-weighted Cartesian co-ordinates to external 


trv co-ordinates 


symmetry co-ordinates. These are listed in Table 1. The F° and AF matrices are 
in Table 2 and the @G-matrix is just the unit matrix. 
The resulting 6 « 6 secular equation factors into three | 1 and one 3 
blocks The l | blocks vive 
AMA ‘ K my (16) 
AA, my (17) 
Thus, the totally symmetric, doubly degenerate and rotational modes remain 


exact normal co-ordinates. From the discussion in Section II, g¢, must either be 
zero (case 1 or 2) or some value to keep the rotational mode a normal co-ordinate 
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(case 3 or 4). Since the rotation is already separated from the other modes, both 
conditions are satisfied by setting ¢ 0, and (18) simplifies to: 

AA K'/m, AA, (19) 
Equation (19) gives A/,., only when the potential function is adequately repre- 


sented by quadratic terms, i.e. in a solid. In a liquid the molecules rotate, a quad- 
ratic function is not adequate, and (19%) gives a maximum value for A/,,,. In this 


vase the rotation can be treated analogously to that of a hindered internal rotation. 
K’ must be positive under all conditions. If it were not, the molecule would be 


Table 2. Force constants 


F®-matrix in external symmetry co-ordinates 
all force constants = zero except 4. See 
F*-matrix in internal symmetry co-ordinates 


all force constants zero except 4: 


AF-matrix in external symmetry co-ordinates 
K/m, 
K 
1K 2K")/: 
Af; 2K") 
on 1K K)/: 
Af, Rot K Wy 
Af (24 Kk’) 


ry 


V(2) (K py (1 $771 


\ll other force constants are zero 


in an unstable rotational configuration. Consequently the doubly degenerate 
frequency is always smallest in the gas phase. 

The remaining 3 3 block is solved in a straightforward manner. If terms 
higher than first order in the elements of the AF-matrix are neglected, the results 
simplify to: 

2K')/3 (4m, mM, )?y (4, Mes) (20) 


Af. + — — 2 (21) 


J 
where m,. is the mass of the central atom, and ¢ is 3 or 4; if 7 3,4 4; and vice 
versa. From the discussion in Section Il, y, must either be zero (case | or 2) or 
some value to keep the translational mode a normal co-ordinate (case 3 or 4). To 
the first order the translation is already separated from the other modes, and both 
conditions are satisfied if y, = 0. The complexity of both (20) and (21) is reduced. 
Consideration of the translational equation (20) gives some interesting results. 
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In a solid, the translational eigenvalue, A/,,, must be positive so that the fre- 
queney will be real. Thus: 


Ad = K/K’ (22) 


In a liquid. on the other hand, the translational frequency must be imaginary, as 
i i A 
the molecule wanders about freely, A/,, is negative and: 


Ad = K/K’ 23) 


Since A/,. is positive, 4A , must be negative. 

The situation where one of the eigenvalues is negative reminds us of the acti- 
vated complex in absolute reaction rate theory. The potential energy passes 
through a minimum for all co-ordinates but one. For this co-ordinate it passes 
through a maximum. The potential well is in reality a saddle point. Consequently 
the vibrational frequencies are those of a short-lived transition-state species. 

Because the rotation and, to the first order, the translation can be separated 
from the remainder of the vibrational problem, it can be treated in internal sym- 
metry co-ordinates. These co-ordinates are listed in Table 1. Equation (21) 


becomes 


Aj + 2Kf? up — AK + 44/3) + 


(24) 


where «, and yz, are the reciprocal masses of the peripheral and central atoms, 
respectively. A, corresponds mainly to stretching co-ordinates; /,, to bending 
co-ordinates. Thus, AA, should have the same sign as AA ,, and AA, should have the 
same sign as A/,. The results are applied to CF, which is the only tetrahedral 
molecule for which consistent and even partially complete data exist. The data 
and results are in Table 3. AK and A’ are computed from (16) and (17), and their 
ratio is —3-5 which is consistent with (23). The predicted frequency shift of 3-5 
em”! for », is in excellent agreement with the observed value of 4 em. 

Partial data exist for a number of other tetrahedral molecules. These values are 
also listed in Table 3. For TiCl,, the signs of the Ay, are as expected, also K/K’ 
~ —6-5 in agreement with (23). However, not too much weight should be given 
these data because the liquid values are averages of reasonably scattered data, and 
three of the vapor frequencies were computed from combination and overtone 
hands. Also since the shifts are small the chlorine isotope effect tends to obscure 
the effect of environment. 


For SiCl, the shift for », is large and in the proper direction. For CBr, the 
shifts for and are as expected. 


VI. Correlation with the 6-9 potential function 


One of the simplest equations that adequately relates intermolecular potential 
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Table 3. Frequency shifts 


Vapour Liquid 
Band frequency frequency 
(em?) 


Av(obs.) Ar(cale.) 
(em?) 


908-2* 9044 
434-5 437 


610tt 


123*** 


669 


* These values are those of Ref. [3] and are the most recent and only complete set of values in the 
literature. They are also the most precise values. Other values are given in Ref. [4] (435, 1283 and 632 
em~!) and Ref. [5] (1277 and 630 em~'). 

+ From Ref, [6]. 

+ Computed from the tables of Urey—Bradley force constants in Ref. [7]. 

§ From Ref. [8]. Only the v, fundamental was observed. The other values were computed from 
combination bands. 

** From Ref. [9]. These values are averages of several workers. 


+? From 


§§ From 


*** From Ref. [5). 
energy with separation is the 6-9 potential function originally introduced by 
Lennard-Jones as the 6-12 potential function [13]. This equation is: 
$(q) = 4e[(a/q)® — (a/q)*) (25) 


where ¢(q) is the potential energy, ¢ is the depth of the potential well, q is the 


separation (q7, in the previous discussion), and o is that value of g such that d(a) — 0. 


3] H. H. Ciaasen, J. Chem. Phys. 22, 50 (1954). 
P. J. H. Wovrz and A. H. Nrevsen, J. Chem. Phys. 20, 307 (1952). 
E. K. PLyLer and W. 8. Benepicr, J. Research Nat. Bur. Standards 47, 202 (1951). 
D. M. Yost, E, N. LAsserrre and 8. T. Gross, J. Chem. Phys. 4, 325 (1936) 
T. Surmanovucuat, J. Chem. Phys. 17, 848 (1949). 
N. J. Hawkins and D. R. Carpenter, J. Chem. Phys. 28, 1700 (1955). 
G. Herzperc, Molecular Spectra and Molecular Structure Vol. II. Infrared and Raman Spectra of 
Polyatomic Molecules p. 167. Van Nostrand, Princeton (1956). 
A. L. Smirn, J. Chem. Phys. 21, 1997 (1953). 
M. L. DeELWavutte, M. B. Buisset and M. Detuaye, J. Am. Chem. Soc. 74, 5768 (1952). 
E. K. Pryter, W. H. Smirn and N. Acquista, J. Research Nat. Bur. Standards 44, 503 (1950). 
J. O. Hrrscurevper, C,. F. Curtiss and R. B. Brrp, Molecular Theory of Gases and Liquids p. 22. 
John Wiley, New York (1954). 
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From the first and second derivatives of 4(q) with respect to g, K and K’ can be 
found as a function of equilibrium separation, g,. Fig. 3 relates K/K’ to q,/c. 

For q,/¢ < 1-14 the potential function is repulsive, and such a configuration is 
unstable. A is positive, and A’ is negative; their ratio K/K’ : 10. This situa- 
tion applies to intramolecular forces between nonbonded atoms [14]. 


20 


16 


Fig. 3. Plot of K/K’ vs. q,/c. 


For 1-14 < q,/o 1-34, the solid state exists. A’ is positive, and A/K’ 2. 
If q,/o |-14, the intermolecular potential energy is a minimum; the temperature 
must be absolute zero. Since A’ is zero, the “‘rotational’’ vibration cannot be 


excited, and the doubly degenerate frequency is the same as in the gas phase. 


For 4,/¢ 1-29, A = 0, and the totally symmetric vibration must be the same as 
in the gas phase. For q,/¢ 1-34, the temperature is that of the melting point, and 
the “translational” vibration cannot be excited. 

For qo/o > 1-34, the liquid state exists. A is negative, K’ is positive, and their 
ratio must be between —2 and —7. The value of —3-5 found for liquid CF, lies 
within this range, as does the value of —6-5 for liquid TiC],. 


[14] D. E. Many, T. Suimanovucnai, J. H. Meat and L. Fano, J. Chem. Phys. 27, 43 (1957). 
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The infrared spectra of aromatic chromium tricarbonyls* 
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Ethyl Corporation, Research Laboratories, Detroit, Michigan 


(Received 5 August 1960) 


Abstract—An empirical comparison of the infrared spectra of a number of aromatic chromium 
tricarbonyls with the spectra of the parent aromatic molecules reveals changes due to the z- 
bonding of the benzene nucleus to the chromium atom. These changes include a decrease in 
intensity for the C—H stretching vibrations, a decrease in frequency for the aromatic skeletal 
stretching modes between 1650 cm! and 1450 em~, and the absence of the usual intense band or 
bands for the C--H out-of-plane mode coupled with the appearance of a band of moderate 
intensity in the region of 800cm™~'. The spectra of the chromium compounds also differ con- 
siderably from the spectra of the parent aromatics in the region from 1400 em! to 900 em. 
Some of these changes are similar to those reported for other molecules bonded to metal atoms 
through the z-electrons. Rather intense bands observed in the region from 700 em to 400 em— 
are attributed to vibrations involving the carbonyl! groups. 


Introduction 
CHANGEs in the infrared absorption spectra of aromatic molecules have been found 
to be quite small when these substances act as electron donors in charge-transfer 
complexes involving weak interactions [1-4]. However for strong interactions, 
such as that involving the 7-bonding of benzene to the chromium atom in dibenzene 
chromium, large changes have been observed in the spectrum of the aromatic 
molecule [5]. Also, the infrared spectrum of the cyclopentadienyl ion is changed 
considerably when this entity is 7-bonded to a metal [6]. Valid comparisons 
between the spectrum of cyclopentadiene and the z-bonded cyclopentadienyl ion 
are not possible since a chemical change is involved in forming the ‘“‘aromatic”’ ring. 
tecently, a series of half-sandwich compounds was reported which contain 
variously substituted benzene rings 7-bonded to a chromium atom which is also 
bonded to three CO ligands [7-9]. These aromatic chromium tricarbonyls seemed 
to be a good class of compounds in which to observe the effect of 7-bonding upon 
the vibrational spectra of the donor molecules. Unlike the cyclopentadienyl 
compounds, there are no chemical changes in the aromatic molecules when these 
compounds are formed. 
The interaction between the aromatic molecules and chromium in the aromatic 
chromium tricarbonyls produces quite large changes in the infrared spectra of the 
* Presented at the 137th meeting of the American Chemical Society, Cleveland, Ohio, 10-14 April 
L960. 
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organic entities. Although these changes are generally similar to those reported for 
benzene in dibenzene chromium [5] they differ in some respects, possibly due to the 
replacement of one of the benzene rings with three CO groups. 


Experimental 

The majority of the infrared spectra were recorded using a Perkin-Elmer model 
21 spectrophotometer with a sodium chloride prism. For some of the compounds, 
a Baird model 4-55 spectrophotometer with a calcium fluoride prism was used to 
record the region from 4000 em! to 1200 em~!. A Perkin—Elmer infracord spectro- 
photometer, model 137, equipped with potassium bromide optics, was used to 
record the spectra from 700 em-! to 400 cem-!. Sodium chloride cells with path 
lengths of 0-378 mm and 0-452 mm and potassium bromide cells with a path length 
of 0-492 mm were used. Spectrophotometric-grade tetrachloroethylene, aceto- 
nitrile, carbon disulfide and carbon tetrachloride were used as solvents. Spectra 
of the ‘free’ aromatics were obtained using the best available materials without 
additional purification. 

Spectral intensities of the 7-bonded and free aromatics were compared using 
apparent molar absorptivities determined by application of Beer’s law. The values 
obtained were accurate enough to reflect significant changes. 

The compounds were prepared by the reaction of the aromatics with chromium 
hexacarbonyl, using the method of NicHois and Wuirtine [9]. The melting points 
of these compounds agreed with literature values. 


Results 
The spectral changes reported here for aromatic molecules bonded to chromium 
in the tricarbonyl compounds are based on twelve compounds examined in some 
detail and an additional ten compounds studied more briefly. The changes appear 
to be similar regardless of the number and kind of substituent groups on the 


benzene nucleus. Only those changes involving absorptions for which assignments 
for the unbonded aromatic are quite certain are presented. Many other differences 
observed in the spectra of the “bonded” aromatics as compared to those of the 
“free” aromatics remain unexplained. These include “new” bands in the spectra of 
“bonded” aromatics, disappearance of bands present in the spectra of the ‘‘free”’ 
aromatics, and intensity changes for bands which remain constant in frequency. 


The C—H stretching region 

In general, the intensities of the C—-H stretching vibrations of the ring hydro- 
gens are decreased considerably by 7-bonding to the chromium tricarbony] moiety. 
Only one rather weak band is present for this vibration in the w-bonded ring, 
whereas two or three bands usually occur in this region in the spectra of ‘‘free”’ 
aromatics, as shown in Table 1. Concurrently, the band intensities for the alkyl 
groups attached to the benzene nucleus also decrease, but to a lesser extent. In the 
ease of bromobenzene and chlorobenzene, it is difficult to compare intensities 
because of the weakness of this absorption in the unbonded molecules. Poor 
resolution in this region does not permit the detection of small frequency changes in 
these bands. 
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The spectra of mesitylene and mesitylene chromium tricarbonyl] in this C-—H 
stretching region are shown in Fig. 1. Although frequency shifts, if present, are 
difficult to detect, the decreases in intensities when going from mesitylene to 


mesitylene chromium tricarbony! are easily seen. 


The C—C stretching region 

In general, the spectra of aromatic molecules from 1650 em-! to 1450 em— 
show two or three bands of varying intensities attributed to C—C stretching 
modes {10}. When such molecules are z-bonded to the chromium tricarbony! 


Table 1. C——-H stretching region 


Aromatic 


loluene 
Ar Cr(CO), 


o-Xy lene 
Ar Cr(CO), 
m-Xylene 
Ar Cr(CO), 
p-Xylene 
Ar Cr(C¢ 


3100 (22)* 


SLOO (9) 


3060 (30) 
3060 (9) 


3040 (45) 
3060 (7) 
3060 (35) 
3060 (10) 


H stretching frequencies (em™~!) 


BORO (25) 


3030 (40)F 


3000 (31) 


3000 (22) 


3030 (45) 


3040 (50) 
2970 (40) 


2970 (21) 


2985 (35) 


2985 (25) 


2940 (30) 
2940 (20) 


2940 (54) 
2940 (30) 


2940 (55) 
2940 (35) 
2940 (60) 
2940 (45) 


2890 (15) 


2890 (9) 


2890 (30) 
2890 
2890 


2890 


2880 (30) 
2880 (15) 


Mesitylene 3020 (60)F 2940 (80) 2860 (40) 
Ar Cr(CO), 2990 (20) 2940 (40) 2860 (10) 


Tetralin 3080 (30) 3030 (40) 2940 (150) 2870 (65) 
Ar Cr(CO), 3080 (5) 2940 (110) 2870 (45) 


* Apparent molar absorptivities in parentheses, 
+ These bands are possibly shifted to a lower frequency in the chromium compounds. 


moiety, these bands are shifted to lower frequencies by as much as 100 em~!. This 
is shown for chlorobenzene in Fig. 2. Halogenated benzenes have no bands to 
interfere with observation of these shifts; with the alkyl benzenes, however, there is 
some uncertainty due to interferences from the substituents. These shifts in 
frequency are tabulated in Table 2. No drastic intensity changes appear in con- 
junction with these decreases in frequency. 

The shift for the higher frequency C—C band (~1600 em~") in the aromatic 
chromium tricarbonyls is considerably larger than the apparent shifts for bands at 
lower frequencies. The shift of the 1485 cm! band for benzene in the arene 
chromium tricarbony] is slightly less than that reported for dibenzene chromium [5]. 

The lowering of abserption frequencies for multiple bonds when the z-orbitals 
are involved in bonding to certain metals has been reported for acetylene—metal 
complexes [11, 12] and for ethylene—metal complexes [13, 14]. A similar frequency 


4. J. Bettamy, The Infrared Spectra of Complex Molecules pp. 69-81. John Wiley, New York (1958). 
. Cuatr, G. A. Rowe and A, A. WiiuiaMms, Proc. Chem. Soc. 208 (1957). 
. Cuatr, A. DuNCANSON and R. G. Guy, Chem. & Ind. (London) 430 (1959). 
). B. Power and N. SHeprarp, Spectrochim. Acta 13, 69 (1958). 
| J. Cwatt and L; A. Duncanson, J. Chem. Soc. 2939 (195: ). 
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puencys shifts 1 stretching reg 


Ar CriCO), (romati« Ar Cr(CO), 


1485 1450 

1600 1500 1485 1450 

1450 1410 

Bromobenzene 1600 1500 1485 1450 
1450 1410 

1610 1540 470 

1620 1540 1505 1480 

m-Avk 1620 1540 1500 1460 
p-Xyl 1640 1550 52! 1490 
Mesit vlene 1620 1545 ‘ ol. 1465 
letralin 1615 1540 SOS 1475 
Anisolk 1610 1540 505 1475 
Pp Methvlanisok 1625 1560 52 1495 
Methylbenzoat« 1610 1525 5 HO 1460 


change is apparent in the spectrum of 2-bonded cyclopentadieny! rings [6]. The 
bands for the C-—C vibrations in the complexed acetylene and ethylene molecules 
are quite weak and there is some controversy regarding assignment [15, 16]. The 
cyclopentadieny! system is somewhat unusual in regard to the nature of the C—C 


15) A. A. L. A. Grisov and A. Hei’ mMan, Doklady Akad, Nauk S.S.S.R. 123, 461 (1958). 
16) D. M. Apams and J. Cuart, Chem. & Ind. (London) 149 (1960), 
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bonds. In the case of the aromatic chromium tricarbonyls, the decreases in fre- 
quency for the C—C stretching modes are easily observed as the bands are reason- 
ably intense. Furthermore, these shifts can be readily recognized since three bands 
all of which decrease in frequency, appear in this region for some aromatics. This 
lowering in frequency apparently reflects a decrease in bond order through inter- 
action of the z-electrons with the metal atom. 
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An additional feature of the spectra of the 7-bonded xylenes, toluene, mesity- 
lene, and 1:2:3-trimethylbenzene is the appearance of a band at 1390 em-!. With 
the exception of the carbonyl absorptions, this band is one of the most intense in the 
entire spectra of these compounds. It occurs very close to the frequency for the 
symmetrical deformation of the methyl group. In some cases there appears to be an 
additional weak band at slightly lower frequency, about 1380 cm-'. This 1390 
em~! band does not appear in the spectra of the various other aromatic chromium 


tricarbonyls studied. 
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The ¢ H he nding re gion 


The most intense bands in the spectra of benzene and substituted benzenes 
oceur from about 850 cm~! to 670 em~', and are attributed to the C—H out-of- 
plane vibrations. One or two bands usually appear in this region, the frequencies 
being dependent upon the number and positions of the substituent groups on the 
benzene ring [10]. The 7-bonded aromatic molecules do not show the typical C—H 
bending absorptions but have a rather weak band in a narrow region from 850 em~* 
to 785 em~!, and usually from 820 cm~! to 795 em~'. The intensities of these bands 


Table 3. Comparison of absorption frequencies and intensities 
in the ¢ H out-of-plane bending region 


‘Free” 


molecule “2-bonded”™ molecule 


\romati 


He nzenet 


Chilorobenzene 740 540 685 120 55 
Bromobenzene 735 680 60 
loluene 725 4000 130 S05 780 20 
p-Xylene 795 40) 835 20 815 40 
1:2:3-Trimethyl 765 300 705 nO 830 40 


benzem 


Mesit viene 835 250 685 130 S50 15 
Methvlbenzoate 710 920 685 S15 770 75 
p { hloroanisole S15 


* Apparent molar absorptivities 
Measured in acetonitrile solution. All others in carbon disulfide solution. 


are almost an order of magnitude less than those of the uncomplexed substances. 
In a few cases, an additional weak band occurs in this region. However, this band 
does not appear to have any relation to the number of substituents on the ring. 

The data for the C—H bending region are tabulated in Table 3. The spectra of 
| :2:3-trimethylbenzene and 1:2:3-trimethylbenzene chromium tricarbonyl (Fig. 3) 
show the changes produced by 7-bonding of the benzene ring to the chromium 


atom 
The changes in the absorptions for the C—H out-of-plane vibrations are perhaps 


the most striking features of spectra of the aromatic chromium tricarbonyls. A 
band appearing in the region of 800 cm~ in the spectra of the chromium compounds 
is tentatively assumed to be due to the C-—-H out-of-plane bending mode. This 
band appears at 785 cm! in the spectrum of benzene chromium tricarbonyl, 
slightly lower than the value of 796 cm~! reported for dibenzene chromium [5]. 
The most interesting aspect of these bands is that the absorptions occur within a 
very narrow frequency range close to 800 cm~! regardless of the degree or type of 
substitution on the benzene nucleus. The frequency shifts range from an increase 
of 115 cm~! for benzene to an actual decrease of 15 cm~! for p-methoxyanisole. 
The spectra of many substituted benzenes show two bands for the C—-H out-of- 
plane vibrations. When this occurs, the shift is measured from the higher frequency 
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absorption. This band in the region of 800 em-! in the spectra of the z-bonded 
aromatics is of medium intensity (4%, ~ 60) as compared to the very intense bands 


for the ‘‘free’’ aromatics (a*, ~ 400). The reason for two bands appearing in this 


area in the spectra of 7-bonded methylbenzoate, toluene and p-xylene is not known. 


It is interesting that these bands for the aromatic chromium tricarbonyls occur in 


the same region as the C—H out-of-plane bending absorption for the z-bonded 


ceyclopentadienyl ring (6). 


The 1350-900 em~! region 


Numerous differences between the spectra of z-bonded aromatics and those of 


the free molecules are observed in the region between 1350 em-! and 900 em-!. 


The majority of the bands occurring in the spectra of the 7-bonded substances are 
rather weak, and none would appear to be characteristic of a z-bonded aromatic 


Toluene, the xylenes, mesitylene and 1:2:3-trimethylbenzene all show a band of 


approximately the same intensity (a“, ~ 60) at 1025 to 1035 em-!. 


The carbonyl absorptions 


While not of primary interest in this work, it should be mentioned that the 
carbonyl groups show two very intense bands for the stretching mode—one at 
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1990 cm~' and the other at 1920 cm~!. The apparent molar absorptivities are of the 


order of 5000, 


The spectra of the aromatic chromium tricarbonyls show two intense bands 


(a®, ~ 500) between 670 em~! and 600 em~!. These bands are presumably due to 
either a CO bending or a Cr—C stretching vibration (Fig. 4) [17]. Recent work 
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Infrared spectrum of p-xy lene CriCO), in the KBr region. 


favors the assignment of bands in this region in the spectra of metal carbonyls to 
CO bending modes {18}. These spectra also show two additional absorptions in the 


potassium bromide region, one at 530 em~! and the other at 475 cm~*. These can be 


attributed to Cr 


( stretching vibrations or possibly to ring—metal interactions | 5}. 
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Infrared intensities of the fundamental frequencies of CF.Br 


B. Person*® and S. R. Potot 


( Received ll August 1960) 


Abstract—The infrared intensities of the fundamental vibrations of CF,Br have been measured, 
using the extrapolation technique of Wrtson and WELLS, at a total pressure of 1 atm. These 
have been interpreted in terms of the @p/@S,’s, using normal co-ordinates calculated from the 
potential function of McGee et al. The absolute sign of these derivatives in the E-class is 
determined under the assumption that the permanent dipole is directed ~F,C—Br*. Difficulties 
due to the ambiguities in the signs of the ép/éQ,’s and in the force field are discussed. If it is 
conceded that these are properly taken care of, then the bond effective moments for the C—F 
bond found for this molecule agree remarkably well with values found from other molecules. 
These results appear to support a modified bond moment hypothesis which should be useful in 
predicting bond effective moments for other fluorocarbon derivatives 


Introduction 

THE recent careful investigations of infrared intensities of the fundamental 
absorption bands of simple molecules have shown that the optimistic belief in the 
simplicity of nature, as represented by the “bond moment hypothesis’, is not 
justified |1]. Formerly it was always possible for the optimist to dismiss the 
discrepancies between bond moment values, apparent even in the earliest work 
[2], as being due to the experimental errors which were formidable. The recent 
work, however, has reduced the experimental error |3] to the point that we are 
forced to admit the discrepancies are both real and large [1]. Thus, we must 
realize that the interpretation of the infrared intensity data cannot be made in 
terms of “bond moments” but must be made in terms of the p,’s ( Op/dS,) or in 
terms of “bond effective moments’. These are related to the bond moments, but 
the relationship is not simple, and, most important, these parameters depend on 
the nature of the vibration as well as on the nature of the other atoms in the 
molecule. The large discrepancies in the bond effective moments in ethylene, for 
example, are due to the fact that they are measured for different vibrations. 

Thus the hope that infrared intensity results for related molecules may be 
interpreted in terms of a few parameters (bond effective moments) depends on 
our expectation that these parameters will show a relatively smooth variation 
with electronegativity or polarizability of the atoms adjacent to the bond involved. 
Thus, we might expect a systematic trend in these parameters obtained from 
similar vibrations in a series of related molecules. The data on the methyl! halide 


Department of Chemistry, University of Iowa, Iowa City, Iowa. 
RCA Laboratories, Princeton, New Jersey. 


Hornic and D. C. McKean, J. Phys. Chem. 59, 1133 (1955), and the 


See, among others, (a) D. F. 
series of investigations by B. Crawrorp, Jr. and co-workers; e.g. (b) R. C. Gotike, I. M. MILts, 


W. B. Person and B, Crawrorp, Jr., J. Chem, Phys. 25, 1266 (1956) and (c) I. M. Nyqurst, I. M. 
Miuis, W. B. Person and B, Crawrorp, Jr. [bid. 26, 552 (1957), to give two examples 

A. M, Tuornpike, A. J. Weis and E. B. Witson, Jr., J. Chem. Phys, 157 (1947). 

[3] J. OvereND, M. J. Younaquist, FE. C. Curtis and B. Crawrorp, Jr., J. Chem. Phys. 30, 532 (1959). 
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intensities [4] do indeed show that this hope may be realistic. Thus, it seems 
important to study such series wherever possible. 

Furthermore, it seems possible that the C-—-H bond, on which almost all the 
careful studies have been made, may not be the best choice of subject, if we 
expect to find any simple interpretation of bond effective moments. The observed 
bond moment of this bond is very likely determined by a rather delicate balance 
between several large effects: hybridization moments, the electronegativity 
differences, and overlap moments [5]. This sensitive balance can be expected to be 
rather strongly affected by the distortions which occur during a vibration. Thus, 


Table 1. The fundamental vibrations of CF,Br* 


Wavenumber 


Class \ssignment 1 
(em *) 


1085 
761 
350 

1209 
550 


305 


* Data from reference 10). 


it is possible that a bond—such as the C-——F bond—where one of these effects may 
predominate might give results for bond effective moments which are more 
consistent. There is some indication that this may indeed be the case [6—8}. 

For these reasons it seemed to us that it would be worthwhile trying to study 
the infrared intensities in the related series of trifluoromethyl! halides. We began 
this study in 1955 at Harvard University with the CF, Br molecule. This molecule 


was chosen for two reasons. In the first place we anticipated less experimental 
difficulty with it than for the others. Secondly, the zero intensity of the low- 
frequency (—X stretching vibration and the CF, rocking motion, discussed below, 
indicate that in the CF, Br (and CF,1) molecule we are actually observing only the 
group vibrations for the CF, group. After the experimental work was completed, 
fate intervened, with the result that we have been unable to complete our plans 
for the series. We believe that our results on the study of CF,Br are of some 


interest in themselves, however, and so we present them here. 


Experimental 
The CF, Br molecule has six infrared-active fundamentals, as shown in Table 1 
10). However, of these, the two at 350 and 305 em~! have essentially zero 


D. Dickson, I. M. Mitts and B. Crawrorp, Jr., J. Chem. Phys. 27, 445 (1957). 
A. Coutson, Valence p. 206. Clarendon Press, Oxford (1952), 

D. McKean, J. Chem. Phys 24, 1oo2 (1956). 

I. M. Minus, W. B. Person. J. R. Scherer and B. Crawrorp, Jr., J. Chem. Phys. 28, 851 (1958). 
| (a) J. Morciixio, J. Herranz and J. F. BiarGce, Spectrochim. Acta 15, 110 (1959); (b) J. Herranz, 
t. De La Crerva and J. Morciitio, Anales real soc. eapan. fis. y quim. (Madrid) A55, 69 (1959). 
S. R. Porto and M. K. Wirsow, J. Chem. Phys. 20, 1183 (1952). 

W. F. Epcect and C, E. May, J. Chem. Phys. 22, 1808 (1954). 
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intensity. PLyLeR and Acquista [11] have observed the band at 350 em~', but in 
a cell 130 cm long presumably with | atm of CF,Br. The other band was not 
observed by them, although their search covered the region in which it is found. 
Thus the problem of measuring the intensities of the fundamentals of CF,Br is 
reduced immediately to one of measuring only the four higher frequency funda- 
mentals. We did search for these two bands using | atm of CF,Br in a 10-cm 
cell with polyethylene windows and a spectrometer equipped with a CsBr prism. 
No absorption was found. From this, we estimate that the upper limit for the 
intensity of these bands is 25 darks. 

The intensities of the remaining fundamentals were studied on a Perkin-Elmer 
model 12C spectrometer with a double-pass monochromator. We used a KBr 
prism for the study of the band at 550 em~'! and a NaCl prism for the remaining 
bands. The calibration of this instrument has been described by Bernuke | 12). 
K Br windows were used in all cells. 

Specially purified samples of CF, Br were obtained from Dr. T. J. Brice of the 
Minnesota Mining and Manufacturing Co. and from Dr. W. B. McCormack of the 
Jackson Laboratory of the E. 1. DuPont de Nemours and Co. Impurities (CF,Br,, 
CF,H) were less than 0-1 per cent. No further purification was attempted, except 
that, in sampling, the CF,Br stored in a bulb was frozen down with liquid nitrogen 
and evacuated. The solid CF,Br was then allowed to warm and the sample 
distilled into the cell. 

The moments of inertia of this molecule are large enough that the bands 
should be completely pressure-broadened at | atm total pressure. The techniques 
used for broadening were those tested on C,F, [13]. Thus, after the cell was 
filled to the desired partial pressure of CF,Br, the total pressure was brought to 
1 atm with pre-purified nitrogen. The linearity of the Beer's law plots (Fig. 1) 
should remove many doubts concerning the adequacy of this procedure. 

The most difficult experimental problem encountered with fluorocarbons is 
the necessity of using very low pressures because of the extremely high intensities 
encountered. For the very intense bands, », and »,, a short cell, 0-885 + 0-005 em, 
was used. For », we used a cell 2-97 + 0-01 cm in length. For vy; a standard gas 
cell 9-80 cm in length was used. For the three most intense bands we had to use 
extremely small partial pressures of CF,Br, even with the short cell. These were 
measured using a dibutylphthalate manometer, and they ranged from 3 to 50 em 
of dibutylphthalate. No evidence of absorption of the CF,Br by the dibutyl- 
phthalate was ever noticed. For the less intense band, »;, we used an ordinary 
open-end mercury manometer to measure the partial pressures of CF,Br, which 
varied from 10 to 50 mm of mercury. 

For each point shown in the Beer’s law plots, three spectra of the sample and 
of the background were recorded on logarithm paper. The values of log 7' and 
log 7’, were read off each spectrum and separate replots of log 7/7’ vs. v were 
made for each. The area under the replotted curve, Bal {= { In(7,/7T), dv} was 
measured using a Keuffel and Esser compensating polar planimeter. The values of 
fll] E. K. Pryver and N. Acquista, J. Research Nat. Bur. Standards 48, 92 (1952). 

[12) G. W. Beruxke, Ph.D. Thesis, Harvard University. (1956); G. W. Beruke and M. K. WILson, 


J. Chem. Phys. 26, 1107 (1957). 
[13] D. G. WititaMs, W. B. Person and B. Crawrorp, Jr., J. Chem. Phys. 23, 179 (1955). 
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Bnl were then averaged to obtain the point to be plotted for this particular value 
of nl. The seatter of these values is shown on the Beer's law plots, and is a measure 
of the random error due to reading errors, spectrometer instability, ete. 

In order to facilitate reading the spectra, calibration strips were made up from 
the calibration charts for the spectrometer. These were marked every | or 2 em~', 
and were laid on the chart. Using these marks the spectrum was then read. 


Bni/2303 for A 
Bn!/2.303 for B 


4 4 
20 3.90 40 60 7.0 60 90 


PRESSURE (cm. dibutyl phthalate) 


seers law plots for yy at 1209 (curve A) and at 1085 (eurve B) for 
integrated intensities in units of em~! are given on the left for curve A and on 
for curve B. The cell length for both bands was 0-885 em. 


The “hot slit effect’ was noticeable for », and y;, and a correction was made 
for it. For these bands, also, the mechanical slit was changed midway through 
the band in order to compensate for the falling energy. The replotted bands did 
not always coincide in the regions of overlap, but the difference between the two 
areas thus defined (‘‘maximum” and “minimum’’) was less than the random 
error shown in Fig. 1. 

In measuring v,, we found that there is an A, combination band, v, — v,, at 
1120 em~! which is probably in Fermi resonance with »,. We have included the 
area of this band in the values reported for v,. This band is quite weak, by com- 
parison. This was the only complication of this type which we found. 

The Beer's law plots for these four bands are shown in Figs. | and 2. The 
resulting values of the integrated molar absorption coefficient, A, are given in 
Table 2. Since the concentration variable used in Figs. | and 2 is pl, the following 


equation must be used to convert from the slope of these plots to A: 


2-303 RT 2-303RT 76 
log (1,/1), dv (slope) (1) 


In (/,/1), d 


104 


100 
9.0 
80 
70 
60 
: 
196] 
Lo 
10.0 no 20 6130 
Fig. 1. 1 
3 
A 


Infrared intensities of the fundamental frequencies of CF,Br 
Here R is the gas constant (in |. atm deg“! mole"'); 7 is the absolute temperature: 
lis the path length of the cell (in em); n is the number of moles/l.; d is equal to 
unity if the pressure variable in the Beer’s law plots is in centimeters of mercury; 
if the pressure variable is centimeters of dibutylphthalate, d is the conversion 


Table 2. Experimental intensity data for CF,Br 


A, Degeneracy dp/ 
(darks cm l em?/m mole) q (c.g.8. units) 
1085 46.360 1480 
761 2936 204 


350 0-25 


1209 46,480 930 
550 250-4 15 
305 0-25 


a @ 
5 5 
wn La 
= = 


20 


PRES SURE 
Fig. 2. Beer's law plots for v, at 761 em! (curve A) and vy, at 550 em! (curve B) for CF..Br. 
The integrated intensities in units of em~' are given on the left for curve A and on the right 
for curve B. The units of pressure are centimeters of dibutylphthalate for curve A and 
centimeters of mercury for curve B. The cell length is 2-97 em for curve A and 9-80 em for 
curve B. 


factor to centimeters of mercury (d = 0-07704 at 23-8°C, d = 0-07692 at 


The values of 0p/0Q, were calculated using equation (4) of reference [13}. 


26°: 


Interpretation 
In order to proceed with the interpretation of the results in terms of the p,’s 
and bond effective moments in the usual way [4, 13], we must have the normal 
co-ordinate transformation matrix, L~'. As usual with fluorocarbons [13, 14] this 


14) B. Scnarz and D. Hornic, J. Chem. Phys. 21, 1516 (1953). 
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presents a serious problem, since the lack of fluorine isotopes prevents us from 
obtaining a unique normal co-ordinate transformation. We must therefore 
proceed in the customary fashion, which is to take the best-looking treatments 
from the literature and hope for the best. McGee ef al. [15] have calculated the 
complete set of valence force constants for CF,Br and CF,I. Tayior [16] has 
evaluated the Urey—Bradley force constants needed for CF,Cl, CF,Br and CF,I. 
We have calculated [17] the normal co-ordinate transformation, L~' for the A,- 


class using each force field. The differences found indicate that we do indeed 


TAYLort 
S 


O-5686 2213 6582 00-1586 0O-S208 
11420 11919 3-2069 (9728 15495 


22041 59637 5080 2 3016 5 S275 


347 


vr, = 1064 = 767 = 346 


Symmetry co-ordinates are 
diy 
6 


(Tey, > Ter, 


leference | 16 


have a problem in interpretation, but the differences are instructive in establishing 
the magnitude of this problem. 

The procedure we actually used to calculate normal co-ordinates was to form 
the (F-matrix product, then to symmetrize this matrix by applying the “shear 
method” [18] transformation: 


= P'GFP (see reference for definitions) 


The roots of the symmetric I-matrix could be readily obtained by iteration, 
either using the method described by Frazer et al. [19] or the method described 
in paragraph 9.7, p. 222, of Witson ef al. [17]. The results for the A,-class are 


listed in Table 3 and for the E-class in Table 4. 
The differences in the two L~' matrices shown in Table 3 are so great that we 
cannot have much confidence in either set of normal co-ordinates. The differences 


between the calculated frequencies and observed frequencies using Taylor's force 


P. Kh. MoGer, F. F. Cueverann, A. G. Metsrer, C. E. Decker and 8. I. J. Chem. Phys 
21, 242 (1953 

K. ¢ Paviorn, J. Chem. Phys. 22, 714 (1954 

E. B. J. C. Decius and P. C. Cross, Molecular Vibrations. McGraw-Hill, New York 
1955) 

W. B. Persow and B. Caawrorp, Jr... J. Chem. Phys 26, 1205 (1957). 

K. A. Frazer, W. J. Duncan and A. R. Cotiar, Elementary Matrices p. 142. Cambridge University 
Press, Cambridge (19052) 
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constants are probably due to the fact that we assumed tetrahedral geometry in 
deriving G, but we used the force constants which are appropriate for non-tetra- 
hedral geometry. Perhaps if we corrected our calculation for this, it would make 
some difference in the calculated L-' elements. However, there does not appear 
to be any sound basis for confidence in either treatment. We preferred to use the 
force field of McGee et al. [15] partly because of the fact that the normal co- 
ordinates are quite similar to those of C,F, [7], which we believe intuitively should 
be the case. 


Table 4. The normal co-ordinate transformation, L~, for the E-class of CF,Br* 


Cale 1209 — b4: = 298 


5a os Obs. 1209 
00-0940 02234 
0-3204 2-1469 
3-1327 0-6872 


Symmetry co-ordinates: 


* Force constants from reference | 15 


Using this normal co-ordinate transformation we can calculate the p,’s. 
These are shown for the A,-class in Table 5. Because of the sign ambiguity in the 


Table 5. Values of p,;* for the A,-class of CFB * (D/. 


Signs of op 
2 3 


10-62 
4-67 


* Symmetry co-ordinates are defined in Table 3 


dp/0@,'s, we have the usual set of possible values for the p,’s. The set which we 
believe to be most probable is shown in bold-face type. 

As in the methyl! halides [4], the E-class contains rotations. In order to compare 
p, 8 from this class with other classes and other molecules, we need to obtain the 
set of p,s which are corrected to a set of rotation-free symmetry co-ordinates. 
We have followed the procedure described by Dickson et al. [4] in making this 
correction. The results are given in Tables 6 and 7. As with the methyl halides, 
the absolute sign of the correction vector. y. is determined if we know the direction 
of the dipole moment vector p,. The signs given in Table 6 are those which we get 


if we assume the permanent moment is directed F,C—Br’. The value of p, is 
0-65 D (i.e. debye units) from measurements by DiGiacomo and Smyru {20}. 


(20) A. DiGiacomo and C, P. Suyvru, J. Am. Chem. Soc 77, 774 (1955 
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In addition to the set of values given in Table 7, there is another set obtained 
if the negative sign is chosen for p,*, ete. This set is rejected because the polarity 
of the bond effective moments obtained with it is ¢ F. an idea which is intui- 


tively repelling. 


and the rotation correction terms for CF, Br, E-class 


Ps Pe 


O275 


O-165 0-162 


O-O508 O- 1303 O-0544 


corrected for rotation CF,Br, E 


‘PR! 


0-405 


p= +0939 


values of p, for the symmetry co-ordinates of CF,Br. The direction of each 
tor s represented by an arrow pointing from the negative to the positive 
In the A,-class only the relative signs of the p,; are determined; in the 
gns are absolutely determined from the assumed direction of py. 


The results are summarized in Fig. 3 based on the assumed direction of po, 
from negative CF, to positive bromine. 

In order to continue the interpretation to calculate the bond effective moments, 
we shall use the relations given in equation (7), reference [4]. In that equation 


Fable 6. Values of 
4 
1.656 
523 
: fable 7. Values of (p,)? lass 
4-797 — 0-939 
5-574 205 0-216 
VOL. 
S, Sax 7 . 
bites 196: 
P= +467 p=*4.707 
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there is a typographical error in the relationship between p7” and epy. The 
corrected equation is: 


Ps V (3) (sin 
In our case we replace CH by CF and use the relations as given. These relations 
are derived on the assumption that wey, and uw,» are positive in the sense (—Br, 


C—F. Thus, we shall expect all our calculated bond properties to have negativ 
signs. The calculated bond effective moments are given in Tables 8 and 9. The 
preferred choices are shown in bold-face type. 


Table 8. Bond effective moments: CF,Br, A,-class (Absolute sign arbitrary D/A) 


Sins A) ey 


Br, E-class 


Table 9. Bond effective moments: CF, 


Br] 


3 


d Me 


1-15 0-04 


0-26 0-04 


Discussion 

For the A,-class the best choice | ) from the different sign combinations 
seems Obvious. For one thing, the sign of ¢,,, intuitively is negative. The magni- 
tude of ¢,), compares very favorably with this quantity evaluated from CH,Br 
(—1-7 compared with —1-5). The magnitude of ¢,.. is more reasonable than the 
value of this term with the other sign choice. (Even so, the value we have found 
here [e,, 81] is one of the largest bond effective charges ever reported for a 
single bond.) Thus, there seems to be no question about the preferred choice. 

For the E-class. this is not nearly so obvious. Both sign choices give bond 
effective moments and bond effective charges with the “‘correct’’ sign. Both 
choices leave something to be desired with respect to the magnitudes of the two 
values of (u/d),, calculated from (p,),;” and (p,),”. At first glance, it would seem 
that the alternate sign choice ( ) should be preferred, because this gives 
values of (u/d),. which seem to be much closer together. However, we prefer the 
indicated choice ( ) for three reasons. The first (and weakest) reason is 
that this choice is consistent with the results for C,F,, in which the two values of 
(u/d)-y in the #-class differed from each other in about the same way as we have 
found here. 

The second reason for preferring the indicated sign choice is based on a con- 
sideration of the effect on these results of the assumption that the 305 em~! band 
has zero intensity. We have calculated the bond effective moments assuming 
that the intensity of v, is 25 darks (dp/dQ, t-2). Although this is a very low 
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intensity, we find that there is quite an effect on the value of (u/d),,°. The effect 
on the different bond effective moments is shown in Table 9 by the indicated 
uncertainties. If we examine the different possiblities, we find that the agreement 


between the values of (u/d),,° and (u/d),.° indicated for the sign choice ( ) 
becomes much worse if 0p/0Q, ~ 0, and that the values of (u/d),.° and (u/d)c,° 
approach each other for the sign choice ( ). 


Finally, the magnitudes of (u/d),.. are larger for the indicated sign choice. 
Cr 
The values for the rejected sign choice seem to be much too small to be reasonable 


for a CF bond. Thus, for these reasons we have chosen the signs ( ) as the 


most likely. 
We should remark that we believe an intensity of 25 darks for A, is much too 


large, although a value of zero may be as much too small. For the intensity of v,, 
on the other hand, a value of 25 darks may be reasonable. The resulting corrections 


to the bond effective moments are indicated in Table 8. The value of e¢,, is 
strongly affected, but the other properties are not changed much. 


Table 10. Values of » and e¢ for the CF bond 


* Data from Morci..o et al. reference [Sa * Data from McKean, reference {6 
* Data from MILLS ef al. reference \7 § Data from this paper. 


Perhaps we should also discuss the changes in calculated bond effective moments 
if the alternate set of normal co-ordinates (Table 3) calculated from TAaytor’s 


potential function is used. In this case the preferred sign choice gives ¢,., 10-5, 
(u/d),. 1-06, and ec, 4-0 D/A. These numbers seem even more un- 


reasonable than the ones obtained with the preferred normal co-ordinates. It is 


perhaps worth noting at this point that the extreme sensitivity of (u/d),.. and 


&cy, to the normal co-ordinates comes about because of the fact that these numbers 
are determined largely by the L,,~' elements, since the magnitude of dp/dQ, is so 
very much greater than the other derivatives. Unfortunately it is difficult to be 


entirely certain of these elements. 


In order to discuss further these results, we have to agree that the normal 


co-ordinates we have used are at least approximately correct. Under this assump- 


tion, we can then construct Table 10 which compares values of u and ¢ for the CF 


bond from various measurements [6-8]. The similarity in the E-class between 
the bond effective moments for CF,Br and C,F, is indeed amazing. It would 
appear here that the modified bond moment hypothesis is remarkably good. The 
values in Table 10 for the parallel bond effective charge and moment might be 


é 
CHF,* 28 
( 'F,t 2-1 3°3 
Crear | ) 2-2 q 
E..) 1-6 7 06 
CF,Br§ (A,) 3-2 
(BE) 1-5 4-1 
0-7 
bg 
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expected to be correlatable with the polarizability of the C—X bond. We might 
thus expect these values to be larger in CF,I and smaller in CF,Cl. From the 
results shown here in Table 10, we would expect identical results for the bond 
effective properties in the E-class in these molecules. The results of MorciLio 
et al. {8| for CF,H are not strictly comparable to our numbers, for the numbers 
they give are average numbers which fit their data. However, they were not able 
to separate the intensities of vy, and v,; in this molecule, and these will be crucial in 
detecting the differences in ~ and ¢ which are shown in the other data. 

Thus, we may conclude that the ‘modified bond moment hypothesis” in which 
we expect to find different values for the bond effective moments for different 
vibrations, but we then expect these to be transferable from one molecule to 
another where the vibrational environment is similar—this modified bond moment 
hypothesis would appear to be a most useful idea in the case of the C—F bond 
moments, at least on the basis of the partial results reported here. 
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Abstract lhe infrared spectrum ol VOBr, has been obtained from 75 to 3000 em 1 The 
fundamental frequencies are, for Cy, symmetry, 4, 1025, 271 and 120 em”; « 400, 212, and 
s3em”!. For AsBr, the infrared spectrum from 75 to 800 em 1 and the Raman spectrum with 


polarizations, have been measured. A reassignment of the fundamentals gives a, 284 (esti- 


mated) and 128 em™!; ¢ 275 and 98 em”. 


VOBr, 


Introduction 

Vanadium oxytribromide, VOBr,, is a deep-red liquid which freezes at —59°C 
and boils at 130°C at 100 mm. It reacts rapidly with moisture, and on exposure to 
the atmosphere a dense cloud of white vapor forms. The compound is unstable, 
and slowly decomposes at room temperature in a vacuum in the dark. The 
decomposition is quite rapid at higher temperatures. The infrared and Raman 


spectra have never been reported. 


Pre paration 


The sample was prepared by the method of Loomis and Scutunpt {1}. The 
reactions are: 


+ 2H, V,0, + 2H,O 


+ 3Br 20, 2VOBr, + CO; 


V,0, was mixed with finely divided vegetable carbon and reduced with hydrogen 
in a Vycor combustion tube at 500°C. After all traces of water were removed from 
the system, the tube was cooled to about 200°C and a stream of dry nitrogen 


saturated with bromine vapor was passed over the sample. VOBr, condensed in 
the cooler portion of the tube and was collected in a 50-ml distilling flask. The 
crude product was fractionated at 2 mm to remove traces of bromine, and then 
distilled at reduced pressure. The purity of the final product was not determined. 
The sample was kept under dry nitrogen at about —70°C, and was redistilled 
whenever there was any evidence of decomposition. 

* From a thesis to be submitted by Wittiam K. Baer in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy at the University of Pittsburgh 

+ This work was supported by the United States Atomic Energy Commission under Contract 
AT(30-1)-19953 

+ F. G. Nunez and E. Fieveroa have described a preparation in which the reduction of V,0, by 
H, is omitted | Ce mpl. ren 206, $37 (1938 We were not successful with it. 
\. G. Loomis and H,. ScHLUNDT, J. Phys Chem 19, 734 (1915). 
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Spectroscopic procedures 

Three instruments were used to obtain the infrared spectrum. The region from 
75 to 350 cm~! was covered with a small single-beam grating spectrometer de- 
scribed previously |2]. For the 300 to 3000 em~! range a Beckman IR-4 spectro- 
photometer (double beam, double monochromator) with CsBr and NaCl optics was 
used. Frequencies of all but the weakest bands in the 700 to 3000 cm~! region 
were checked with a Perkin-Elmer model 112 spectrometer (single beam, double 
pass), using an NaCl or CaF, prism as appropriate. Infrared frequencies are 
believed to be accurate to +1 cm”! from 75 to 1000 em~', and to —2 em from 
1000 to 2000 

Filling of cells was done in a dry box. The infrared spectrum of the pure liquid 
is shown in Fig. 1, and the observed frequencies are given in Table 1. 


Table 1. Infrared spectrum of VOBr, 


Assignment 


Intensit, 1 


(cm ) 


212 m Vs (e@) 

238 vw 2 120 240 

271 Vy (4) 

305 vw Real? 400) 120 308 


vw 
335 vvw Real? 400 212 271 341 


612 


400 20 83 603 
27 212 120 603 
667 m 400 271 671 
~SO0 vvw, sh 2 400) SOO 
S13 vw 1025 212 S15 
3 271 S13 
YO4 “ 1025 120 905 
OS4 Vw 83 120 USS 
(V—O!'* stretch) 
1025 VVs vy (44) 
1110 vw 1025 83 1108 
1145 vw 1025 120 1145 
1237 m 1025 212 237 
1429 vw 1025 400 1425 
2043 m ? 1025 2050 


weak, m medium, s strong, Vv very, sh shoulder, 


2) F. A. Mitcer, G. L. Cartson and W. B. Wurre, Spectrochim, Acta 15, 709 (1959). 
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Efforts to obtain a Raman spectrum were unsuccessful. The visible and 
near-infrared absorption of a 1 cm sample of pure VOBr,, obtained with a Cary 
model 14 spectrophotometer, is shown in Fig. 2. Even though the absorption is 
appreciable in the 7000-8000 A region, several attempts were made to measure 
the Raman spectrum. Sample tubes were filled by vacuum transfer after removing 
traces of moisture from the system with chlorotrimethylsilane [3]. A no, 29 


TRANSMISSION 


ENT 


PER 


FREQUENCY 


Infrared spectrum of liquid VOBr,. a O17 mm; b 0-129 mm; 


‘ 250 mm; d mm 


Fig. 2. Visible and near-infrared spectrum of VOBr, (1 cm of pure liquid). 


Wratten filter was wrapped around the tube to remove wavelengths below 6000 A. 
The photographic spectrograph previously described [4] was modified by the use 
of a new Bausch and Lomb grating. It is blazed for 7500 A in the first order; the 


ruled area is 200 mm wide 158 mm high: and there are 600 lines/mm. 

The first source tried was the 7065 A line from a microwave-excited helium 
lamp described by Ham and Wats [5]. The heat or light from the source rapidly 
decomposed the sample. An attempt was then made with Osram potassium ares, 


3) M. K. Wrisowx, Re Sei. Instr. 25, 1130 (1954) 

4) F. A. Mrvver and R. G. Inskeep, J. Chem. Phys. 18, 1519 (1950); F. A. Miucuer, L. R. Cousins and 
R. B. Hannan, Ibid. 23, 2127 (1955 
N.S. Ham and A. WaAtsn, Spectrochim 


icta 12, 88 (1958) 
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using the D-lines at 7665 and 7699 A. A 63-hr exposure on Eastman IN film gave 
no Raman lines, and resulted in slight decomposition. No further attempts were 
made. 


Assignments 

Although Raman data are not available, it is possible to make a complete 
assignment from the infrared bands. On the assumption of C,,-symmetry (by 
analogy with VOCI,) there are six fundamental frequencies, all infrared active. 
They are described in Table 2. Herzpera’s conventions are followed throughout| 6}. 


Table 2. Fundamental vibrations of VOBr, 


Assignment 


Species Activity No. Description , 
) 


(em 


Rip). Ik V—O stretch 1025 
V—Br stretch 27 

: V Br, deformation 120 

Ridp), IR V—RBr stretch 100 
O—VBr, rocking 212 

VBr, deformation S3 


The first problem is to pick out which frequencies are fundamentals. It is 
certain that 1025 and 400 em~! are two of them because of their great intensities. 
83 and 120 cm~ are surely two more. (Although they are weak, this seems to be a 
characteristic of very low frequency bands.) The 212 em~! vibration is observed 
in the two combinations 1025 + 212cm~', and is therefore adopted. Of the 
remaining bands below 400 cm~', the most intense is found at 271em~—. It is 
also observed in the combination 27 400 = 671 cm~!. We therefore believe it 
is the sixth fundamental. 

The assignment of these frequencies to the corresponding vibrations is straight - 
forward. Results for some similar molecules are given in Table 3 for comparison. 
The V=O stretch is undoubtedly at 1025 cm~!. Table 3 indicates that the de- 
generate \V Br, deformation (v,) will be the lowest of the fundamentals, with the 


symmetric deformation (v,) next higher. We therefore attribute 83 em~ to », and 
120 em to vs. This leaves 400, 271 and 212 cm~!. The first two are undoubtedly 
the V—Br stretching frequencies. (The stretches in TiBr,, a close analog, are 383 
and 230 cm~! [7].) Furthermore for all the Z—XY, molecules in Table 3, the 
degenerate stretch is always the higher of the two. The v, frequency is therefore 
assigned to 400 cm~! and », to 271 cm~!. This leaves 212 em~! for the rocking 


mode 
We are confident that these fundamental frequencies (Table 2) are the correct 
ones. All the remaining bands can be satisfactorily explained as shown in Table 1. 


'6) G. Herzpeerc, Infrared and Raman Spectra of Polyatomic Molecules. Van Nostrand, New York (1945) 
F. A. and G. L. Cartson, Spectrochim. Acta 16, 6 (1960). 
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AsBr, 


Introduction 


Arsenic tribromide is a pale yellow solid which melts at 32-8°C and boils at 
221°C. It is hygroscopic and must be handled in the absence of moisture. The 
Raman spectrum has been reported previously (but without polarizations) by 
SRAUNE and ENGeELBRECHT [8], FINKELSTEIN and KurNossowa (in solution) [9]. 
and Repiicn ef al. (10) The first two papers gave three of the four fundamental 
frequencies. The last authors confirmed these and reported a fourth one at 220 
em~' excited only by Hg 4358 A. The validity of this frequency as a stretching 
vibration is rather doubtful. as demonstrated later. It therefore seemed worth 
while to repeat the Raman work and to obtain the infrared spectrum, which has 
not been reported. 


rimental 
The sample was obtained from the City Chemical Company, New York City, 
and was distilled once before use. Its purity is not known. The spectroscopic 


equipment was the same as for VOBr,. Results are given in Table 4. 


Table 4. Raman and infrared spectra of AsBr, 


Raman Infrared 


Assignment 


Raman spectrum 

The first Raman exposures were made with Hg green and yellow excitation. 
A sample tube was filled by vacuum transfer. Wavelengths below 5461 A were 
removed with a Wratten no. 4 filter and a solution of Na,CrO,. No long-wavelength 
filtering was done 

Exposures were 15 and 30 min on Eastman 103a-F plates. The 98, 128 and 
275 cm~! lines were observed as both Stokes and anti-Stokes displacements, but 
not all were measured because the halation around the exciting lines interfered 
and helium excitation later proved to be much better. A very weak line was 


found at 382 cm~! which was later confirmed in the infrared. 


H. Braune and G. ENcELBrecur. Z physik, Chem. B19, 303 (1932 
W. FINKELSTEIN and P. Kurnossowa, Acta Physicochim. U.R.S.S. 4, 123 (1936). 
10) O. Repiica, T. Kurz and W. Srricks, Monatsh. Chem. 71, 1 (1938). 
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The microwave-powered helium lamp gave much better results, using He 6678, 
7065 and 7281 A and Eastman I-N plates. A 3-hr exposure gave excellent 
spectra, free of background and of interference by other source lines. (AsBr, is a 
very strong Raman scatterer. Actually 10 min was enough to give the spectrum.) 
Frequencies were again found at 98, 128 and 275 cm~' as indicated in Table 4. 
A 24-hr exposure did not reveal any more bands, especially at 220 cm~'. The 
Raman frequencies are believed to be accurate to +2 em~'. 

We think that there are two fundamentals near 275 em~'! for reasons described 


100r 
80} 
= | 
© 20k AsBr, 
| 
100 20 300. 500 00 700 800 
FREQUENCY (CM™') 
Fig. 3. Infrared spectrum of AsBr,. a capillary film; b 0-056 mm; ¢ 0-261 mm; 


d l Trim. 


later. Naturally one wonders whether the unusually broad line at 275 cm~ is 
really a doublet. A 10-hr helium exposure with a narrow slit (1-5 em~')* did not 
indicate any splitting. 

Qualitative polarization measurements were made with both Hg and He 
excitation by the method of EpsaLu and Witson [11]. All the bands appeared to 
be depolarized. Also no asymmetry was indicated in the contour of the 275 em™! 
line, as might have been found if it were due to the overlapping of an a, and an 
fundamental. 


Infrared spectrum 

The infrared spectrum is given in Fig. 3 and Table 4. Absorption was also 
observed near 100 cm~!, but the band position and contour could not be deter- 
mined reliably, and it has been omitted from the figure. 

Again the 274 cm~ band showed no indication of being a doublet. It was 
thought that in the solid state the bands might sharpen and a doublet might be 
revealed. A jet of AsBr, vapor was therefore solidified on a Csl plate at about 
90°K in a conventional low-temperature cell. The band shifted to 271 em~! but 
still showed no evidence for a second component. 


Ass ign ments 
X-ray diffraction techniques have shown that AsBr, has C,,-symmetry [12]. 
It will therefore have four fundamentals, all of which are active in both the 
infrared and Raman spectra. They are summarized in Table 5. 
* Calculated as one half the total band pass. 
11) J. T. Epsace and E. B. Witson, Jr., J. Chem. Phys. 6, 124 (1938). 
7 


12 thles of Interatomic Distances and Confiquration in Molecules and Ions p. M-61. The Chemical 
Society. London (19058) 
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The vibrational spectra of vanadium oxytribromide and arsenic tribromide 


The 98 and 128 em~! frequencies can readily be assigned to the degenerate and 
non-degenerate deformations, respectively, by comparison with similar molecules 
given in Table 3, even though the 128 em-! band was qualitatively observed to 
be depolarized. The assignment of the two stretching fundamentals must now be 
reconciled with the remaining evidence, One of the stretches is obviously 275 em~!. 
Although Repuicu ef al. [10] reported a weak Raman line at 220 em~, it is doubtful 
that this is the other one. The stretching frequencies for AsBr, should be higher 
than those for Asl, or for SbBr,. For Asl, they are 216 and 221 em-!: for SbBr, 


Table 5. Fundamental vibrations of AsBr, 


Species Activity No. Description 


Rip), IR As — Br stretch 
AsBr, deformation 

Ridp), IR : As—Br stretch 
AsBr, deformation 


| | Estimated from combination tone. 

they are 227 and 236 cm~! (Table 3). This makes a value of 220 em~ for AsBr, 
unreasonably low. Since in addition we did not find a 220 em~ band in either the 
infrared or Raman spectrum, this possibility is eliminated. 

The only other observed frequency which need be considered is 382 em-!. The 
stretching frequencies of AsBr, should be lower than those for As( ‘l, and for PBrg. 
The values for AsCl, are 405 and 370 em~: those for PBr, are 380 and 400 em=! 
(Table 3). Thus 382 em~! appears to be too high for AsBr,, and we reject it. 

It will be noted from Table 3 that the two stretches of the XY, halides are 
only 5-35 em~! apart. This is further reason for rejecting 220 and 382 em— and 
looking close to 275 cem~'! for a second fundamental. Unfortunately the most 
strenuous search has revealed nothing there. We are forced to the conclusion 
that the band is so weak that it has not yet been observed in either the infrared or 

‘aman spectrum. It is possible, however, to locate it from a combination tone. 
The band at 382 em~' is too high to be a fundamental, and its considerable infrared 
intensity suggests that it is a binary combination. No binary or ternary combina- 
tion of the three frequencies 98, 128 or 275 em~! will account for it. (We do not 
accept 98 + 275 = 373em"'.) A reasonable explanation is [284] 98 = 382 
em~!, where [284 cm~'] is assumed to be the missing stretching frequency. 

This places the two stretching frequencies close together (275 and 284 em~). 
Further support for this comes from a calculation of the frequencies. A peculiar 
property of the force constants enables one to estimate those for AsBr, quite 
reliably. It will be noted in Table 6 that the force constants for AsCl, are only 
slightly smaller than for PCl,, and that those for Asl, are only slightly smaller 
than for PI,. Presumably the same holds for the bromides, and the force constants 
for AsBr, can therefore be estimated from those of PBr,. Our assumed values are 
included in Table 6. Using these in the equations given by VenKaTESWARLU and 
SUNDARAM [13], with an As—Br distance of 2-33 A and a Br—As—Br angle of 


(13) K. Venkareswarcu and 8, Sunparam, Proc, Phys. Soc. (London) A69, 180 (1956). 
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100-5° [12], one caleulates the frequencies a, 268, 124em-!: 268, 98 
The agreement with 275, 128 and 98 em~! is good. The two calculated stretching 
frequencies coincide, which is a restatement of our qualitative expectations. 

We therefore believe that the fourth fundamental is near 284 em~', and that 
is not observed either because it is too weak or because it is overlaid by the broad 
275 em"! band. We arbitrarily assign 284 to species a, and 275 cm~! to « 
because the degenerate stretch was observed to be broad in several of the molecules 


lable 6. Force constants for some phosphorus and arsenic halides 


- 


(dvn/em) dyn/em) (dvn cin) (dvn/em) 


10 


Compound Ret 


PCI, 9.1: 0-26 0-28 O07 


PBr, 0-20 O-O7 


AsBr, esta.) (1-57 (OG) (15) (O-03) 


0-06 
O-OS 


erence [13 
Reference {b} of Table 3 
listed in Table 3. Assignments for the remaining combination tones are given in 
Table 4 
Alternatively one could explain 382 as |254] 128, thus placing the missing 
stretching frequency at 254cem~'. It would seem that it would surely have been 
observed in either the infrared or Raman spectrum if it were this far away from 
the 275cm~! band. We therefore prefer the 284 cm~'! value 
It is interesting to note in Table 3 that for the Z—-X Y, molecules the degenerate 
X—-Y stretching frequency is higher than the symmetric one in every case in which 
they have been properly distinguished by polarization measurements. In the 
halides XY, this is not true; there is a reversal on going from I to Br to Cl. 
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Asl, 1-17 
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RESEARCH NOTES 


Emission spectrometric determination of the gaseous elements in metals -VII 
Nitrogen in steels* 


(Received 29 Septe mber 1960) 


PRELIMINARY observations on the determination of nitrogen in steels using the d.c. carbon- 
are extraction technique developed in our laboratories have been described [1,2]. In 
these reports it was stated that the intensity ratio of the line pair N 8216 A/Ar 8179 A 
was related to the nitrogen concentration. We have recently found that the 8179 A argon 
line (reported as Ar 8178-84 and Ar 8178-96 A in the MIT Wavelength Tables {3}) is not 
detected in spectrograms of d.c. carbon ares in argon at atmospheric pressure. The line 
we actually observe at S179 A with our spectrograph is a Rowland ghost of the strong 
parent argon line at 8115-3 A. Although we have found that the ghost at 8179 A is an 
excellent internal standard with the particular grating employed in these studies, another 
line pair must be used with other spectrographs. We have shown that the argon line at 
8053 A serves equally well for this purpose. The analytical curve obtained for the line pair 
N 8216 A/Ar 8053 A is shown in Fig. 1. 


These data were obtained from standard samples 


0.02 005 ol 
NITROGEN CONCENTRATION (WT. %) 


Fig. 1. 


* Contribution No. 950. Work was performed in the Ames Laboratory of the U.S. Atomic Energy 
Commission, 


{1} V. A. Fasser., W. A. Gorpon and R. J. JASINSKI, Proceedings of the Second International Conference 
on the Peaceful Uses of Atomic Energy, Geneva, 1958, Vol. 28, p. 583. United Nations, New York 
(1958). 

[2] V. A. Fassev, W. A. Gorvon, R. J. Jasmyski and F. M. Evens. Rev. Universelle Mines 15, 278 (1959). 

3) G. R. Harrison (Editor), M.1I.T. Wavele ngth Tables. Wiley, New York (1939). 
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Research Notes 


covering a wide range of alloy compositions, as shown by the summary in Table 1. The 
results are encouragingly free of any matrix effects. 


Table 1, Standard samples 


Nitrogen 
Standard concentration 


Composition 


(remainder is Fe) 


(wt. 


I 0-009 1-75 Ni, 0-2 Mo 

2 0-009 Cast tron 

3 O-OL8 Cast iron 

4 0-016, I8 Cr, 9 Ni 

5 0-023 15 Cr, 24 Ni, 5-5 Mo 
6 0-025 Low-alloy steel 

7 0-034 13 Cr, 1 Ni 

8 0-033 Low alloy steel 

9 0-057 IS Cr. 8 Ni 

10 0-077 18 Cr, 7 Ni, 2 Mn, I Nb 
1] 0-12 10 Mn, 12 Cr 

12 0-24 10 Mn, 12 Cr 


Experimental 


The experimental facilities and operating techniques employed in this investigation 


have been described previously {[1, 2,4]. Other pertinent experimental conditions are 


shown in Table 2. Since some high-alloy steels contain high concentrations of relatively 


Table 2. Experimental conditions for the determination of nitrogen 


in low- and high-alloy steels 


Weight ot sample (2) 1-0 
Supporting electrode Illustrated in Fig. 3 of [2] 
Are current (A) 25 


Exposure conditions: 


Extraction (sec) 120 


Exposure (sec) 120 (between carbon electrodes) 


volatile constituents, it is desirable to conduct the spectrographic exposure by arcing to 
an auxiliary graphite electrode. The latter is rotated into position after the extraction 


phase is completed. 


HirosHt KAMADA 
Institute for Atomic Research Vetmer A. Fassen 
and De partme nt of Che mistry 


lowa State University 


{ nes. lowa 


4) V. A. Fasser, W. A. Gorpow and R. W. Tape ina. Symposium on Determination of Gases in Metals 
pp. 41-60. ASTM (Special Technical Publication No, 222), Philadelphia (1957). 
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Research Notes 


Infrared spectra of some sulfur dioxide solvates 


(Received 7 October 1960) 


THE early investigations of WALDEN and CenTNERSZWER [1] showed that anhydrous liquid 
SO, was a good solvent for many inorganic and organic compounds. The sulfur dioxide 
solvent system was extensively studied later by J ANDER and his associates and a number of 
reviews have been published covering this field [2-5]. Sulfur dioxide also forms a number 
of fairly stable solvates with various salts, analogous to the crystalline hydrates and ammoni- 
ates formed with H,O and NHsg, respectively. In general, a high solubility in liquid SO, is 
an indication that solvate formation will occur. Alkali and alkaline earth iodides and thio- 
cyanates are readily soluble in liquid SO,, and form solvates easily. Ammonium and 
substituted ammonium salts also form solvates. The solubility decreases rapidly in the 
I-—-Br--Cl-—-F~ anion series. The solvates dissociate readily, the dissociation pressure 
reaching one atmosphere in the 0-50°C range. The molar ratio of SO, to salt in the solvate 
is usually one of small whole numbers, although ratios as high as 14 have been reported [6). 
These solvates are prepared by treating the salt involved with liquid SO,, or with 
gaseous SO, at low temperature. The complexes are highly colored, usually red or yellow. 
The crystal structure of the solids have not been worked out. WALDEN and CENTNERSZWER 
[6] have suggested that a plausible formation of the compound KI-4SO0,, when dissolved in 
solution, would be K*1(SO,),~. The solvates formed from alkali or alkaline earth iodides and 
thiocyanates are soluble in liquid SO,, H,O, acetonitrile, and ina number of organic solvents. 


Experimental results and discussion 

In order to obtain an insight into the structure of these solvates, the infrared spectra 
were taken on solutions of these substances in acetonitrile. Due to their low decomposition 
temperatures, these solvates could not be studied by other solid-sampling techniques. The 
position of the absorption bands of acetonitrile and its solubility properties with reference to 
the above-mentioned solvates dictated its choice as the solvent to be used 

At first the solvates were prepared by condensing S¢ ), on a salt. The S¢ ), Was eV aporated 
and the solid solvate was dissolved in acetonitrile, resulting in a yellow solution. It was 
found that the sample could be more conveniently prepared by bubbling SO, gas into a 
solution of a salt in acetonitrile. The spectra obtained on the two solutions were identical. 
The sulfur dioxide used was Matheson anhydrous grade-99-98°,, minimum. Salts used in 
this study were reagent grade materials. 

The three fundamental vibrations of liquid SO, occur at 524 cem-!, 1150 em~! and 
1340 cm~!. The latter two frequencies have been assigned to the symmetric and anti- 
symmetric stretching modes respectively, while the frequency at 524 cm~! was assigned to 
the angle bending mode. 

The two SO stretching frequencies are shifted significantly in the spectra of the solvates, 
as shown in Table 1. For example, the antisymmetric stretching frequency shifts from 
1340 cm“ to about 1297 em~!, while the symmetric stretching frequency at 1150 cm“ shifts 
to about 1117 em~' in the solvate. The bending frequency at 524 cm~! does not appear to be 
altered by the formation of the complex. 

The most interesting facet of these results is that the frequency shift seems to be 


P, WALDEN and M. CentNerszwer, Ber. deut. Chem. Ges. 32, 2862 (1899). 
2] H. J. EMevevs and J.S. RSON, .Vodern Ispects of Inorganic hemistry (2nd Ed.) pp 510-518 
Van Nostrand, New York (1952) 


[3] P. J. Ei.vine and J. M. Markowrrz, J. Chem. Ed. 37, 75 (1960). 

{4} G. JanvpER, Die Chemie in Wasserdhnlichen Lésunasmitteln p. 209. Springer, Berlin (1949), 
[5] L. F. Auprteru and J. KLemperc, Non-aqueous Solvents p. 210. Wiley, New York (1953). 
| P. WALDEN and M, CENTNERSZWER, Z. physik. Chem. (Leipzig) 42, 432 (1903). 
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Research 
independent of the natureof the cation, within experimental error. The symmetric stretching 
frequency of the solvates falls within an 11 cm”! range, while the range of the antisymmetric 
frequency is about Iiem~'. In line with these results, an assignment of the structure 
K 
Thus, the sulfur-oxygen stretching frequencies would be perturbed to approximately the 


l~ to the solvate would seem to be less plausible than the formulation K*1 SO,), 


same extent upon solvation. If the former structure were correct, the magnitude of the 


Table 1. Sulfur-oxygen stretching frequencies 
in acetonitrile 

Antievimimet rie SVinimet rn 
ch 


SO), 340 
bNal-ssO, 1307 1117 
KI-480, 1204 
Lil-sQ,* 1 111s 
NH,1-380, 1299 
Cal,-«S0O," 1204 1112 
Bal,SO,* 1292 


juency shift swould be expected to be dependent upon the cation involved. Accordingly, 
a solid solvate pMX_-cSO, is formulated as consisting of and [ X sO, ions. For 
j 1, the negative species would probably not exist in solution as formulated, due to the 
mutual repuls of the prX~ ions In solution, the solvate would probably eXist as pM 


Phe ultray iets etrum ol solution of SO, in acetonitrile contains a peak near 278 mu 


A solution of 3Nal-SS 1 


rave a spectrum whic h has an intense em 10 } 


acetonitril 


has shown that an intense electronic absorption spectrum is associated 
with the transfer of electronic charge from a donor to an acceptor. For SO, as in electron 
acceptor, and |- as an electron donor, the observed “charge-transfer spectrum results 
from a complex which has the no-bonded structure (1°SO,) and the dative structure 
| > SO,) as resonance forms. Although MULLIKEN [S| gave an example showing a com- 
plex formed between Cl and SO, with the resonance forms (| ‘SO, ind (C] > SO.,,). the 
infrared spectra of SO, in solutions of KC] and KBr in acetonitrile gave no evidence of the 
existence of such species involving Cl- or Br 

In view of th perturh d SO, frequencies obtained in the infrared with complexes of SO, 


with ] und t is stulated that the substances are charge transfer’ complexes 


InvoIVING Tres ince forms of the tvpe shown above 


ieky P jement This work } is been supported nm part by a grant from the N tional Science 
Fo ind tion . 

R. 
Department of Chemistry F. Eveexe Wetsn 


silty of Varyla: df oll Park. Maryland 
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The solution spectrum of CF,**+ 


(Received 21 October 1960 


Tue infrared spectrum of CF, vapor |1| shows a very intense band at 1283 em~! that is quit: 
certainly y,. In CS, solution this band has lost its structure, moved to 1267 em-! and 
acquired a companion band of nearly comparable intensity at 1254 em~!. Since one would 
not expect splitting of the degeneracy of the triply degenerate fundamental »,, other 
possible explanations were sought for the second band 

When the vapor was examined under higher pressure, four bands were found, at 1279-4. 
1267-5, 1261-6 and 1257-6 em~', in addition to the P—Q—R branches of r, at 1285-9, 1283-4 


and 1281-0em~!'. The band at 1279 was assigned as a hot band {probably yr, Vs y, but 


possibly due to excitation of y,(908 em~!)[2] on v, (435 em~') {2} or overlapping bands arising 
from all three this was confirmed by observing the disappearance of this shoulder on the 
fundamental when the gas was cooled with liquid nitrogen. Also, four bands are observed 
at 1244-5, 1242-1, 1240-0 and 1238-3 cm~! having a contour identical with those at 1286 
1283, 1281 and 1279 and the intensity appropriate for The remaining three 
bands, at 1268, 1262 and 1258 em~!, should be the overtone. 2y,, intensified (relative to 
Vy 633 em-!) by the weak Fermi resonance between this and r.. The difference in P—R 
branch separations |3| for 2y, and v, should be (447 B he) 12 cm~! to the harmonic 
oscillator approximation. The observed value is 5-0 em~!, which is not unreasonable in 
view of the known interaction between the two bands 

\ similar effect has been observed in the same molecule for the bands v, vr. and 
Vy 2s In the vapor these occur at 2188-1, 2185-9 and 2184-0 em~! and at 2165 very 
weak and partially obscured by a trace impurity of CO In CCL, solution, two bands are 
found, of roughly comparable intensities and identical appearance, at 2171 and 2162 cm"! 
The bands at 1254 em~! and 2162 em! in solution are therefore assigned as 2y, and 
Vy 2¥,, respectively It appears remarkable, however, that the components of the Fermi 
doublet are in each case closer in solution but the sharing of intensities is more complete. 

Further evidence favoring the explanation of the 1254 em~! and 2162 em~! bands in 
solution as 2y, and 9, 2v,, respectively, strengthened more in solution than in the vapor 
yy Fermi resonance with 3 ,Or vy Va, has been found from the spectra of related molecules 
In CCl, the combination band "; vy, occurs just below yr, but is much less intense. The 
fundamental appears at 795 cm~! and the combination band appears at 780-3, 774-3, 770-3 
and 766-0 em-', probably as a consequence Of tsotope splitting except that the band at 780 
is relatively broad and may be a hot band of the fundamental. [4] In the liquid phase, two 
bands of approximately e jual intensities are observed at 785 and 759 e«m~-!, whi 
unchanged in going to the solid phase. In CS, solution these bands are at 785 and 762 en 


the latter of somewhat lower Intensity In contrast, CBr,, which has no combination band 


* Taken 1 mart f ni n ed im partial fulfillment of t 
om i the authors 


+ This work was supported in p | rh velopment Division, ARDC, Contract 
616)-6778 and by a grant fron 


VM. JOHNSTON and D NNISON 


P. Lisrrsa om ka i Spek kopiia 4, 455 (1958 
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l P. J. H. Wourz and A. H NIELSEN, J. Chem. Phys. 20, 307 (1952). 
2) H. H. Ciaasi J. Chem. Phys. 22, 50 (1954 
3| 8. L. Gernarp and D, M, Dennison, Phys. Rev. 43, 197 (1933); 
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or overtone close to the fundamental ¥,, shows only one band in solution. In the vapor, the 
fundamental is at 681 cm~!, in CCl, solution at 672 em~!, and in CS, solution at 668 em~!. 

After most of these measurements had been made, a paper appeared by STRIZHEVSKY 
5} in which he argues that when a combination or overtone band of a non-polar molecule is 


in Fermi resonance with a fundamental, the equalization of intensities should be more 


pronounced in a condensed phase, and especially in the pure liquid, than in the vapor phase, 


even though the splitting may be unchanged. Our results apparently confirm his conclusions. 
Our measurements on CCl, and our interpretation of the spectra are in substantial agreement 
with recent investigations by Listrsa and co-workers [4, 6]. Our results for CF, vapor are 
similar to those of EpGeii and MoyniHan [7], although we have observed more weak bands 
than reported by them 

The spectra were obtained with a Perkin-Elmer 112G double-pass grating spectrometer, 
with CaF, or CsBr fore prism. Spectral slit widths were about 1 em~ and band positions 
are probably correct to —0-5 em=!, 

STANLEY ABRAMOWITZ 

Polytechnic Institute of Brooklyn ,0BERT P. BAUMAN 
Brooklyn 1, New York 


(5) V. L. Srriznevsky, Optics and Spectroscopy 8, 86 (1960), 
M. P. Losrrsa and L. Ovanper. Optics and Spectroscopy 7, 383 (1959). 
W. F. Evcecy and R. E. Moyniman, J. Chem. Phys. 27, 155 (1957). 
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BOOK REVIEW 


Joun A. Dean: Flame Photometry. Me(iraw-Hill, New York, 1960. 354 pp, $11.50. 


To THE beginner in flame photometry, the large mass of papers, chapters, reviews and theses in 
this field can be overwhelming. His initial pleasure at finding so much information in print may 
soon be dampened by the large number of contradictory statements which appear in this 
literature. A few books have appeared which attempt to assess and discuss this copious informa- 
tion, but none has been entirely satisfactory. Flame Photometry, by Joun A. DEAN, is a better 
than average attempt in this direction, but it does have some minor faults. 

Like the other books in this field, Flame Photometry considers in the first chapters the 
instrumentation of flame photometry, excitation of spectra, sources of interference, selection 
of operating conditions, and evaluation of data. In accordance with the author’s particular 
interests, this portion of the book includes a fifteen-page chapter on the use of organic solvents. 
A chapter on atomic absorption spectroscopy is also included, but it is unfortunately brief 
(four pages) in view of the growing number of applications of this new analytical technique. 
About half of the book provides detailed information on each of the elements that can be 
excited to emit radiation in the flame. Emission wavelengths, sensitivities, optimum excitation 
conditions, wavelengths for background correction, and sources of interference are given for 
each of these elements when the data are available. The last three chapters discuss clinical 
applications and analysis of soils, plant materials, plant nutrients, cement and glass. A liberal 
use of illustrations and a bibliography with about 800 entries add to the value of this work 

Much of the specific information given in this book (e.g. sensitivities) applies to a Beckman 
Dt spect rophotometer with an oxygen-—acety lene flame and a photomultiplier detector. This 
will limit somewhat the value of the data for users of other instruments. There are also several 
errors, some of which could have been avoided by more careful proof reading. An example ot 
this is the sentence on p. 139: “As the number of unexcited atoms is always a very small 
fraction of the total at a flame temperature below 2250°K, the number of unexcited atoms is 
virtually equal to the number aspirated.”’ Other errors include the statement, on p. 199, that 
the effect of the continuum from sodium can be eliminated by use of a didymium filter. Only 
scattered light, not continuous radiation, can be reduced in this way. 

The book also contains some inconsistencies. On p. 99, for example, it is said that increasing 
the slit width “will probably improve the emission sensitivity of molecular band systems 
relative to the flame background reading,”’ but on p. 125 we are told that “‘with broad emission 
bands the ratio of metal emission to flame background is nearly independent of slit width.” 

The section on excitation of atomic spectra may be confusing to the neophy te, since it 1s not 
always clear whether absorption or emission of radiation is being considered. The chapter on 
interferences does not always distinguish clearly between background from flame bands, from 
seattered light and from alkali metals. Alkali metal background is first mentioned in the 
chapters which discuss the spectra of the individual elements. Even there, the data on back- 
ground are taken from a paper published in 1894, without reference to more recent studies. 

On the whole, however, DEAN has done well in correlating a great deal of information from 
the literature and from his own experience. The book should be of considerable help to those 
who are just starting in flame photometry and to others who have done some work in this field 
but who wish to improve their understanding of the fundamentals. The faults are small enough 
to be corrected easily in future printings. The publishers might also consider removing from 
the dust jacket the inaccurate statement that this book is “the first full-length treatment” of 
flame photometry. 

MARVIN MARGOSHES 
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ERRATUM 


FREEMAN F. BentLey and Evcene F. Wovrartnu: Analytical applications of far 
infrared spectra—Il. Spectra-structure correlations for aliphatic and aromatic 
hydrocarbons in the cesium bromide region. Vol. 15, Nos. 3/4, p. 190, Fig. 18(B). 


The infrared spectrum of |-methyl-3-ethylbenzene is shifted towards longer 
wavelengths by 0-5 uw. The strongest absorption band in the spectrum of this com- 
pound should read 22-9 w instead of 23-4 uw. 


The authors regret any inconvenience this may have incurred readers. 


NOTICE OF MEETING 


Eighth Ottawa Symposium on Applied Spectroscopy 


THe Eighth Ottawa Symposium, sponsored by the Canadian Association for 
Applied Spectroscopy, is to be held in Ottawa on September 18-20, 1961. 


Papers are invited for presentation on the subjects of applied spectroscopy, 
including emission, ultra-violet, infra-red, X-ray and NMR studies in the field 
of instrumental analysis 


Titles and brief abstracts of papers should be submitted before June 6, 1961 
to Mr. Rotanp Lavzox, Programme Chairman, Eighth Ottawa Symposium on 
Applied Spectroscopy, c/o Division of Pure Chemistry, National Research Council, 
Ottawa, Ontario, Canada. 
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Benzyl! alcohol—an unusual vibrational interaction 


J. C. Evans 
Chemical Physics Research Laboratory 
The Dow Chemical Company, Midland, Michigan 


(Received 7 October 1960) 


Abstract — Another example of an unusual interaction [1, 2] has been studied in detail in the 
vibrational spectra of benzyl alcohol. Infrared and Raman spectra of related molecules, including 
deuterated derivatives, were recorded to assist in the interpretation. 


Introduction 
SEVERAL examples have been reported |1, 2] of unusual regions of distortion which 
occur in broad, infrared absorption bands of materials in condensed phases. It was 
proposed that these features are the result of interactions between fundamental 
vibrational modes and that such effects may be expected to occur whenever a 
relatively sharp energy level falls within the energy range of a much broader level. 
Comparisons of observed and calculated band envelopes were made [2]. 

In all of the examples previously presented the broad vibrational level involved 
was that of the NH, wagging mode in several aromatic amines; this mode yields a 
band of half-width about 150 em~! in the 500-800 em~! region and it is readily 
modified by change of molecular environment or by deuterium substitution. The 
other, sharp level involved was variable and in no case was a definite assignment to 
a particular vibrational mode possible. 

An example in which the interacting modes are an aromatic CH bending mode 
and a mode of the —-CH,O— group has been found in benzy! alcohol. The results 
of a study of this case are presented here. 


Experimental 

Commercial benzyl! alcohol (b.p. 203-205°C) was used. C,D;.CH,OH was pre- 
pared by exchanging sodium benzoate with D,O in a sealed tube at 130°C, in the 
presence of pre-reduced platinum oxide, for 24 hr [3], followed by conversion to 
benzoic acid and reduction of this to the aleohol using lithium aluminum hydride 
|4]. The exchange step was repeated twice before proceeding to the acid. The final 
product was estimated from its infrared spectrum to be approximately 85 per cent 
deuterium substituted, which was sufficiently pure for the present purpose. 
(,H,;.CH,OD was made by direct exchange of benzyl alcohol with D,O. 

Infrared spectra were recorded using a prism-grating instrument designed and 
constructed in this laboratory [5]; spectral slit widths used were about 0-5 em '. 

. C. Evans and N. Wricur, Spectrochim. Acta 16, 352 (1960). 


J 
J.C. Evans, Spectrochim. Acta 16, 1382 (1960). 
W. G. Brown and J. L. Garnett, J. Am. Chem. Soc. 80, 5272 (1958). 


R. F. Nystrom and W. G. Brown, J. Am. Chem. Soc. 69, 2548 (1947). 
L. W. Herscuer, Spectrochim. Acta 15, GOL (1959). 
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Raman spectra were recorded using a Hilger photoelectric instrument and 4358 A 
excitation (7 A/mm). Some spectra were also recorded photographically on the 
same instrument. Wavenumber values quoted in the text are believed to be better 
than ecm". 
Results and discussion 

The spectral data are illustrated in Figs. 1, 2 and 3, in which the examples of the 
effect are pointed out by arrows. The most striking feature is the extremely sharp 
turning point at the peak of the narrow transmission region within the broad 


C,H, CH,OH 


Fig. l(a). The infrared spectrum (full 

line) and the Raman spectrum (dotted 

line) of liquid C,H,.CH,OH. The 

Raman spectrum is drawn on an arbi- 

trary, linear, relative-intensity scale, 

while the optical-density scale refers to 
the infrared spectrum, 
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Fig. 1(b). The infrared spectrum of C,H,.CH,OH Fig. l(c). The infrared spectrum of C,H,.CH,OH 
in CS,; (i) 10 per cent solution in 0-106-mm cell; vapor in a 10-cm cell at 125°C with vapor pres- 
(ii) 0-5 per cent solution in 1-14-mm cell. sures; (i) that of the liquid at ~100°C and (ii) 
at ~ 120°C, 
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absorption band; this establishes that the effect is not merely the result of the over- 
lap of two adjacent non-interacting bands. Theoretical considerations [2] indicated 
such sharp turning points, but the total effect observed in this case deviates some- 
what from the predictions of simple theory. Whereas the effect observed here is 
reminiscent of the special case in which the sharp level coincides with the center of 
the broad level it is apparent from the figures that this condition is not satisfied. 


C,0,-CH,OH (a) (b) 


| 


| 


OPTICAL DENSITY 
OPTICAL DENSITY 


li | 


200 000 00 1100 1000 1100 _ 1000 


Fig. 2. The infrared spectrum of a thin film Fig. 3. (a) The infrared spectrum of a liquid 
of liquid C,D,.CH,OH between KBr plates. film of p-methyl benzyl alcohol at ~70°C. 
(b) The infrared spectrum of p-methyl benzy! 
alcohol in CS,; 5 per cent solution in 0-1-mm 

cell. 


However, the situation is probably complicated by the finite intensity of the tran- 
sition between the ground level and the sharp level in those molecules in which the 
interaction is weak. 

Fig. 1(a) shows that the effect in benzyl alcohol coincides with a strong Raman 
band at 1030 cm~!. All monosubstituted benzene derivatives show such a Raman 
band with the corresponding sharp infrared band [6] which are assigned to an in- 
plane CH bending mode 


cy > 
x 
The broad, strong band in the infrared spectrum of benzyl alcohol (half-width 
approx. 60 cm!) is very weak in the Raman spectrum. It undoubtedly arises 
from a mode of the —CH,O— group since it appears in the infrared spectra of 


6} R. R. Ranpwe and D. H. Wuirren, Institute of Petroleum Conference, London, 1954, p. 111. Institute 
of Petroleum, London (1955). 
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C,D,.CH,OH and of C,H,.CH,OD; in the infrared spectrum of the related mole- 
cule, CgH,.CH,SH, the broad band appears near 975 em! while the 1030 em~ band 
is isolated and easily observed. Of the four CH, bending modes only one is to be 
expected in this general spectral region, the twisting mode, The high intensity of 
the broad band indicates however that the mode responsible is not a simple one and 
probably involves the entire —CH,O— group. A detailed knowledge of the nature 
of the mode is not essential for our purposes. 

The other band in this region—the very strong Raman band at 1004 em! is the 
phenyl! ring breathing mode. It is invariably very weak in the infrared and, since it 
does not appear to interact with the CH,O mode it will not be discussed further. 

When the ring hydrogen atoms are replaced by deuterium the modes involving 
ring hydrogen motion are moved considerably to lower wavenumber and the effect 
should disappear. In accord with this, the effect is absent from the infrared spectrum 
of C.D, CH,OH. There is a slight asymmetry remaining which may be due to the 
presence of partially deuterated molecules (Fig. 2). 

teplacement of the p-hydrogen atom of benzyl alcohol by another group, such 
as a methy! group, does not affect the form of the ring CH bending mode described 
earlier, so that we may expect to observe the effect in the spectrum of p-methy! 
benzyl aleohol. Fig. 3(a) and (b) shows the effect at 1020cm~'. The Raman 
spectrum of a saturated solution of p-methyl benzyl alcohol in carbon tetrachloride 
showed only a very weak broad band in this region, which is probably due to the 
(H,O mode. The absence of a Raman band which may be assigned to the aromatic 
(H bending mode is not, however, surprising. In the related symmetrical molecule, 
p-xylene, the mode is Raman inactive but is infrared active at 1020 cm~'; the 
corresponding mode in toluene is 10 em! higher. RaNpDLE and WHIFFEN [6] state 
that all para-substituted benzene derivatives possess an infrared band at 1018 + 10 
em ' which they assign to the in-plane CH bending mode considered here. It is very 
probable that many para-substituted benzyl alcohol derivatives will be found to 
show the effect. 

In the infrared spectrum of benzy! alcohol vapor, Fig 1(c), there is no indication 
of the vibrational interaction. This is not surprising in view of the different origins 
of band widths in the vapor and in condensed phases. 


Rotational isomerism in be nzyl alcohol 


Internal rotation opposed by low potential barriers may occur about the C—O 
and C,—C,, bonds in benzyl alcohol, and the unusually large width of the CH,O 
mode absorption band is very probably due to this molecular flexibility. Presum- 
ably, the interaction between the CH, and CH modes may occur only when the 
geometrical configuration is favorable, e.g. as in the configuration 


this model has C',-symmetry if the OH group is considered as a unit. 
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Oxr and Iwamura [7] have examined the doublet nature of the bands arising 
from the OH stretching modes of benzyl alcohol and its ring-substituted derivatives 
and have concluded that the favored configuration in benzyl alcohol in dilute 
solution is that drawn above with the hydrogen of the hydroxy! group interacting 
with the pi-electrons of the nearest ring carbon atom. 

Further evidence for the presence of rotational isomers is provided by Fig 1(b), 
which shows the effect of dilution on the spectrum. While changes in the inter- 
molecular hydrogen bonding may partly account for these spectral variations, it is 
also necessary to invoke rotational isomerism to account for all, e.g. near 1000 em-! 
and near 740 em~. 


{7] M. Oxt and H. Iwamura, Bull, Chem. Soc. Japan 32, 955 (1959). 
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Infrared and Raman spectra and normal co-ordinate analysis of 
dimethyl sulfoxide and dimethyl sulfoxide-d, 
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(Received 12 Septe mber 1960) 


Abstract —The infrared spectra from 250-4000 em™ and the Raman spectra of dimethy! sulf- 
oxide and dimethyl sulfoxide-d, have been determined. From these data a complete assign- 
ment-—excepting only the torsional modes—-has been made and substantiated by a normal 
co-ordinate analysis carried out using a digital computer. Valence force constants for the C,SO 


skeleton were calculated and compared with those of the thionyl halides. Potential energy 


distributions of symmetry co-ordinates among the normal co-ordinates have also been calculated. 


Introduction 

IN CONNECTION with a program of study in these laboratories of the ligand properties 
and complexes of several sulfoxides {1—4], dimethyl sulfoxide (DMSO) in particular 
[1-3], it became desirable to have a thorough understanding of the infrared spectrum 
of DMSO in order that infrared studies of its complexes [2] could be most reliably and 
advantageously used in deducing the structures of those complexes. The present 
paper reports a detailed experimental study of the infrared and Raman spectra of 
DMSO-d, from the results of which a complete assignment is made and a set of force 
constants calculated using the Witson [5] F- and G-matrix method. The only 
previous vibrational study, other than cursory examinations of the infrared spectrum 
and a study of solvent effects on the SO stretching frequency, [6] is the Raman 
investigation of DMSO by er [7]. 


Experimental 


Chemicals 


Dimethyl! sulfoxide was obtained from the Matheson, Coleman and Bell Co. 
It was dried either by distillation under reduced pressure (20-40 mm) from BaO or, 
according to the suggestion of Smrrax and WrnsTern [8], by passing the DMSO 
through a column of molecular sieves (pellets of type 4-A, Linde Air Products) and 
then distilling under reduced pressure from powdered type 4-A molecular sieve. 
DMSO was then stored in the dark, for it tends to turn slightly yellow on long 


\. Corron and R. Francis, J. Am. Chem. Soc, 82, 2986 (1960). 

A. Corton, R. Francis and W. D. Horrocks, Jr... J. Phys. Chem. 64, 1534 (1960). 

A. Cotron and R. Francis, J. Inorg. and Nuclear Chem. In press (1961). 

Francis and F. A. Corron, J. Chem. Soc. In press (1961). 
2. B. Wiison, Jr., J. C. Decrus and P. C. Cross, Molecular Vibrations. McGraw-Hill. New York 
(1055). 
L. 8. C. P, Convurt, R. J. Pace and R. L. Trans. Faraday Soc. 55, 1677 (1959). 
RK. Acta Phys. Austriaca 1, 323 (1948). 
S. Sverre and 8S. Winsrern, Tetrahedron. 3, 317 (1958); and private communication, 
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standing when exposed to light. Completely deuterated DMSO was prepared by the 
method of Corron et al. [9] 


Infrared spectra 

Infrared spectra of DMSO and DMSO-d, were taken in the NaCl region on a 
Perkin-Elmer model 21 double-beam spectrometer equipped with an NaCl prism. 
The spectra of the liquids were obtained as smears between NaCl plates. In this 
region it was found possible to obtain vapor spectra using a heated 10-cm cell of a 
design described elsewhere [10]. A Baird AB-2 spectrometer with KBr prism and 
calibrated with NH, was used to obtain the spectra of liquid samples in the 800-400 
em~! region, and the Perkin-Elmer 21 equipped with a CsBr prism (through the 
courtesy of Prof. M. K. Wiison, Tufts University) was used to obtain the spectra 
of the ligands from 450 to 250 em~!. For practical reasons it was not possible to 
record gas spectra in the KBr and CsBr regions. The results are collected in Tables 
1 and 2 and in Fig. 1. 


Table 1. Infrared data for dimethyl] sulfoxide 


Calculated 


Observed 
Assignment 
(cm *) 


2973 m 2995, 2991, 2995, 2994 Vas Vor Mugs M15 
2908 m 2934, 2935 M3, Vig 
2303 w 
2183 w 2 Vs 
1455 m 1449 "17 
1440 ms 1443 Vig 
1419 m 1418 
1405 m 1403 Vs 
1319 w sh 1328 "19 
1304 m 1302 Ve 
1287 w 
llll ssh R-Branch 
J 1102 vs 1109 Va 
1094 s sh P-Branch 
1016 m 1034 
1006 m 1008 Ve 
929 w 942 Voy 
915 w 914 V9 
898 vw 
689 m 694 Vo9 
672 m 688 "19 
382 s liq. 378 iy 
335 m sh, liq. 
333 s liq. 336 Voy 
(308 m Raman only) 305 "12 


not observed 


All are vapor phase values except those marked “‘liq.” 


{9} F. A. Corron, J. H. Fassnacut, W. D. Horrocks, Jr. and N. A. Newtson, J. Chem. Soc. 4138 (1959). 
(10| F, A, Corron, Modern Coordination Chemistry (Edited by J. Lewis and R. G. WriLxKrns) Fig. 5, 
p. 320. Interscience, New York (1960), 
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Table 2. Infrared data for dimethy! sulfoxide-d, 


Observed Calculated 
1 1 Assignment 
(cm *) 


2250 , 2231, 2235, 2231 V ys Vas Mags 


2185 
2133 2112, 2112 Vg: "yg 
1096 1083 

1084 1080 

1043 1040, L038 

1025 1020, 1034 

1014 

sh 

S14 803 

S03 sh 

756 sh 745 

7M 72 

619 liq. oll 

liq. 600 

(555 Raman only) 

340 liq. $44 

3078 liq. 310 

(262m Raman only) 264 


met obser ed 


All are vapor phase values except those marked “liq. 


$00 400 


Frequency, em"! 


Fig. 1. The infrared spectra of dimethyl sulfoxide (DMSO) and fully deuterated dimethy! 
sulfoxide (DMSO-d,). 
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Raman spectra 


Raman spectra of both DMSO and DMSO-d, were obtained on liquid samples of 
approximately 15 ml using the mercury 4358 A line for excitation. The excitation 
unit has been well described elsewhere [11]. Of the three concentric glass tanks 
surrounding the sample tubes, the outermost was used for circulating cooling water, 
the next contained an ethanolic solution of Cyasorb UV 24 (American Cyanamid Co.) 
which, after adjustment of the concentration, effectively removed radiation of fre- 
quency higher than 4358 A, and the innermost tank contained a saturated aqueous 
solution of praseodymium chloride to cut down the background in the region of the 
low-lying Stokes lines. Finally sample tubes were wrapped in cellophane impregnated 
with ethyl violet to remove lower frequency radiation, especially the mercury 5461 A 
line. In conjunction with this, a Zeiss three-prism, constant-deviation spectroscope 
[12] was used. Spectra were recorded on Kodak Spectroscopic Plates of type 103a-O. 
Best results were obtained using a 0-12-mm slit width and a 10-hr exposure. The 
plates were calibrated by juxtaposing an iron-are spectrum on the plate. The intensi- 
ties of the Raman lines were estimated by obtaining the trace of the plates on a Leeds 
and Northrup Co. recording microphotometer. Qualitative depolarization measure- 
ments were made by the double exposure method of Crawrorpb and Horwitz. 

The frequencies, relative intensities and polarization data of the observed Raman 
shifts for DMSO and DMSO-d, are given in Table 3, along with the results of VoGEL- 
HOGER. It will be seen that her data and ours are in excellent agreement except that 
17 the weak line she reports at 1141 cm~! was not found by us. 


Table 3. Raman data for dimethyl! sulfoxide (DMSO) and dimethyl sulfoxide-d, (DMSO-d,) 


DMSO 
DMSO-d, (em?) 
Present work* VoGceL-HOGLERT 


308 md 305 (5) (0-83) 262 ms d 
333s d 334 (6) (0-83) 306 s d 
383 384 (4) p 341 m p 
668 668 (10) (0-13) 55 vw p 
700 698 (9) (0-65) 614 vs.,bd 
952 952 (2) (0-57) 760m d 
1042 1042 (5.b.dou?) (0-50) sl6vw p 

1142 (2) p 1015s p 
1420 1421 (7) (0-93) 1048 s.sh d 
2915 2915 (7) 2006 vw op 
3000 3001 (3) 2135s p 


2I55 d 


aa 


*w weak, m = medium, s = strong, v = very, sh shoulder, b = broad, p = polarized, 
d — depolarized. 

+ b = broad, dou = doubled, p = polarized, — — no estimate of polarization given. The first column 
of numbers (integers) represent relative intensities and the numbers in the second column are depolari- 
zation ratios. 


[11] G. R. Harrison, R. C. Lorp and J. R. Loorsovrow, Practical Spectroscopy Fig. 18.3, p. 513. 
Prentice-Hall, New York (1948). 

[12] G. R. Harrison, R. C. Lorp and J. KR. Loornovrow, Practical Spectroscopy p. 57. Prentice-Hall, 
New York (1948). 
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Table 4. Symmetry co-ordinates for dimethyl sulfoxide 


(=r; ="5 's rg) 


S, 12-V2(2y, — 274 — 
S, = — + — 
= t + — % — O — — — — 04) 
S, =d, 
NS» 4 (0, % ) 
Sig = + ds) 
Sy = + a) 
She p 
Sis 
i” Sis 12 ls 2r, rg) 
Sis = — 13 — + 76) 
Sig = + + — — — 
Siz — ¥5 + 
Sis — Ya — Ya — + + 
Sis 2-12 5 Os + Og) 


& 


Table 5. Approximate description of fundamentals 


Degenerate C—H stretch 
v, Degenerate C-—H stretch 
Symmetric C—-H stretch 
vy Degenerate C —H deformation 
v,; Degenerate C_-H deformation 
vg Symmetric C-—H deformation 
S—O stretch 
vg Methyl rock 
vg Methyl rock 
Yio Symmetric C—S stretch 
Symmetric C—-S—O deformation 
¥yg C—S—C deformation 
Symmetric methyl! torsion 
A” Degenerate C—H stretch 
v,,; Degenerate C—-H stretch 
Symmetric C—-H stretch 
¥;, Degenerate C_—H deformation 
Degenerate deformation 
Symmetric C—-H deformation 
Methy! rock 
Methyl! rock 
Antisymmetric C—S stretch 
¥gg Antisymmetric C—S—O deformation 
Antisymmetric methyl] torsion 
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Discussion 

A normal co-ordinate analysis was carried out in order to verify the assignments 
of Tables 1 and 2 and to obtain force constants for the molecule. This was done 
according to WILsoNn’s F- and G-matrix method [5]; solutions of the secular equation 
were obtained by use of the IBM 704 electronic computer as will be described. 
DMSO, which has a pyrimidal structure with sulfur at the apex, contains ten atoms 
and therefore has twenty-four vibrational degrees of freedom if the methyl groups 
are considered not as free rotors, but as undergoing torsional vibrations. The mole- 
cule belongs to point group C, with only a plane of symmetry. This allows us to 


Fig. 2. Internal co-ordinates for dimethyl sulfoxide. Co-ordinates in the second methyl! 
group are 74. Ts, Te: ANd Oy, Os, Og in direct analogy to those shown for the first 
methyl group. 


factor the secular equation into a 13 » 13 A’ factor and an 11 » 11 A” factor, re- 
spectively symmetric and antisymmetric to the plane of symmetry. The internal 
co-ordinates used are illustrated in Fig. 2. The symmetry co-ordinates which accom- 
plish the factoring are given in Table 4; the numbering corresponds to the vibrational 
assignments as given in Table 5. In Table 4, internal displacement co-ordinates are 
to be understood where the internal co-ordinates are written, i.e. 7, stands for Ar,. 
The internal co-ordinates 7, and 7, refer to the orientations of the methyl! groups with 
respect to an arbitrary orientation about their individual C,-axes. The symmetry 
co-ordinates S,, and S,, correspond to torsional vibrations of the methy! groups. 


Assignments 


The numbering of the fundamental frequencies corresponds to that of the sym- 
metry co-ordinates, and their approximate descriptions are given in Table 5. The 
assignment of frequencies in both DMSO and DMSO-d, will be discussed together. 
The bands at 2973 cm~! and 2908 em~! in DMSO, being respectively depolarized and 
polarized in the Raman effect, were assigned to the degenerate and symmetric C—H 
stretching vibrations. From the normal co-ordinate analysis it appears that the 
higher band contains four fundamentals: y,, v,, ¥,4, ¥;;, and the lower is composed of 
v, and »,,. The corresponding bands occur at 2250 em~! and 2133 em~! in DMSO-d, 
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and are identically assigned. The very weak bands at 2183 em~' in DMSO and 2185 
em~! in DMSO-d, are assigned as the first overtone of the S—-O stretching frequency, 
vy, According to NAKAGAWA and Mizusuima |13] the degenerate CH, deformation 
frequencies fall in the range 1400-1450 em~'. In DMSO there are four such funda- 
mentals expected and the four bands observed in this range are assigned to v4, ¥;, 7,7. 
Vis: 
course possible and the present analysis is not sufficiently exact to rule out other 
assignments. Likewise, the bands about 1300 cm~! are assigned to the two sym- 
metric CH, deformation vibrations, », and »,,. Force constants which reproduce the 
deformation frequencies in DMSO as assigned above, when inserted in the secular 
equations for DMSO-d, show these fundamentals to fall close together in the range 


1100-1000 em~'. In the spectrum of DMSO-d, there is not a sufficient number of 


observed bands in this region to assign all the fundamentals separately, and since 


! one or more of these 


the very strong S——O stretching frequency occurs at 1096 em 
(CD, deformation frequencies may be obscured. The normal co-ordinate treatment 
suggests that the assignments given in Table 2 are not unreasonable. In DMSO the 
very strong band at 1102 cm~' is undoubtedly the S—O stretching frequency and the 
value obtained here is in good agreement with that of BELLAMy et al. [6] who report a 
value of 1103 em~! for DMSO vapor. This band shows PQ #-structure in the vapor 
phase, the P-branch maximum being at 1094 cm~! and the R-branch at 1111 em~'. 
In DMSO-d, the PQ R-structure of the S—O band was not resolved. The remaining 
vibrations which principally involve hydrogen are the CH, rocking vibrations. There 
are four of these and in DMSO the bands at 1006 em~! and 1016 em~! are assigned to 
vy, and ro. respectively, and those at 915 em~! and 929 cm~' to », and ¥,,, respectively. 
These bands show a large shift on deuteration as expected. This assignment was 
suggested by using the same rocking force constants for each vibration initially and 


noting the calculated frequencies. It should also be pointed out that fundamentals of 


the same symmetry species seldom lie as close together as do the pairs of bands 
observed here. For these reasons the above assignments were made, although they 
are not absolutely certain. The pairs of bands around 805 em~' and 750 em~! were 
assigned to the rocking fundamentals in DMSO-d, as shown in Table 2. The bands 
at 689 em~! and 672 em~! in DMSO were assigned as »,, and ¥,, the antisymmetric 
and symmetric S—C stretching frequencies, respectively, on the basis of the Raman 
polarization data. The former is depolarized and the latter polarized in the Raman 
effect. The corresponding bands occur at 619 cm ~' and 611 em~! in the infrared 
spectrum of DMSO-d, but are not resolved in the Raman spectrum. There remain 
now only the three skeletal deformation fundamentals and the low-lying torsional 
vibrations to be considered. The band at 382 cm~', polarized in the Raman effect, is 


assigned to v,,. the symmetric skeletal deformation involving principally bending of 


the C—S—O angles. This band occurs at 340 em~' in DMSO-d,. The bands at 333 
em~' and 308 cm~! have been assigned, respectively, to »,,, the antisymmetric 
skeletal deformation involving the C—S—O angles; and to »,,, the C—S—C bending 
frequency. Although both of these bands appear depolarized in the Raman spectrum, 
the band at 308 cm~! is missing in the infrared and it seems reasonable that »,,, which 


13} I. NakaGawa and 8. Mizvusnia, Bull. Chem. Soc. Japan. 28, 589 (1955). 
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involves a change in the direction of the S—O dipole, is less likely to be weak in the 
infrared than is the symmetric C—S—C bending vibration. Also, the reverse assign- 
ment would cause a larger discrepancy between the force constants F,, and F,, which 
would be identical if all interaction constants were negligible. The bands at 307 
em~! and 262 em~' in DMSO-d, were both depolarized in the Raman spectrum and 
the 262 em~' band was again missing in the infrared. These were assigned to ¥,. and 
">. respectively. This leaves only the torsional vibrations »,, and »,, which were not 


observed in the infrared or Raman spectra. An analysis of the microwave spectrum 
of trimethyl phosphine |14] predicts torsional fundamentals at 197 + 20 em! and 
223 — 20cm~'in that compound. Torsional frequencies of similar magnitude might 
he expected in DMSO. The shoulder observed in the infrared of DMSO at 335 em~! 
is probably due to the water-vapor peak which occurs at this position rather than the 
first overtone of a torsional fundamental at 168 cm~'. If this shoulder were due to a 
torsional overtone, the same fundamental should occur at 119 em~! in DMSO-d, and 
its first overtone would be predicted at about 240 em~! which is below the region 
investigated in the infrared, and thus no check is provided. 


G-Matri« elements 

We give here a few comments on the construction of the G-matrix and in Table 6 
the algebraic expressions for the elements since there are other molecules [e.g. 
(CH,),PX] to which they are applicable. The s vectors* for one of the internal 
torsional co-ordinates, say 7,, consist of a vector on each of the three hydrogens point- 
ing in a direction perpendicular to the plane defined by the 8, O and C atoms. All the 
other atoms are stationary in this co-ordinate. The magnitude of the vector on each 
of the H atoms is equal to the reciprocal of the perpendicular distance from the 
hydrogen to the C,-axis of the methyl group. The internal co-ordinate, 7,, is de- 
scribed by a similar group of vectors on the hydrogens of the other methyl group 
except that if the vectors on the first methyl group point in a clockwise direction 
when viewed from the S atom, those of the second methyl group point in a counter- 
clockwise direction. The symmetry co-ordinates S,, and S,, are formed by taking, 
respectively, the normalized sum and the difference of these two internal co-ordinates. 
It is a property of these torsional § vectors §,, and §,, that the dot products of each 
of them with all of the other §-vectors vanish, causing the corresponding G-matrix 
elements to be zero, and this effectively factors the torsions from the secular equation. 
This reduces the dimension of the A’ secular equation from 13 to 12 and that of the 
A” equation from 11 to 10. This assures us that incorrect assignment or nonconsidera- 
tion of the torsional vibrations will not affect the other fundamentals. The results in 
Table 6 were checked either by comparison with the corresponding G-matrix elements 
for the thionyl! halides [15] or by independent recalculation. G-matrix elements for 
the vibrations of the methyl group agree with those calculated by NakaGawa and 
MizvsuHiMa [13]. These elements were calculated assuming tetrahedral angles for the 


* See reference |5} for explanation of this notation. 


}14|} D. R. Lipe, Jr. and D. E. Many, J, Chem. Phys. 29, 914 (1958). 
|15| F. A, Corron and W. D. Horrocks, Jr., Spectrochim. Acta 16, 358 (1960). 


141 


W. D. Horrocks, Jr. and F. A, Corron 


Table 6. G@-matrix elements for DMSO 
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Table 6—(contd.) 
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All other @-matrix elements are equal to zero. 
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methyl groups, that is y 109°28'. The meaning of the symbols not given by 
Fig. 2 is as follows 
My L/my: My mass of the H atom 

1/m,: . = mass of the C atom 

l/m,; , = mass of the S atom 

I/my: mass of the O atom 

l/r, ir, l/r, l/r, 

I/d,:  p. I/d, = I/d, 

(Py +: Ps 2 Pi — COS 


sin j = cos?/cos® 
NL 


The values of the structural parameters employed in computing the numerical values 
of the G-matrix elements are shown in Table 7. The atomic masses used were those 
of the American Institute of Physics Handbook \17). 


Table 7. Structural parameters [16] for DMSO 


r(C—H) 1-08 . 
1-47 . 


Solution of the secular equation 

The G-matrices were constructed and inverted using an LBM 704 computer For- 
tran program. The inverse G-matrix, G@~', satisfied the matrix equation: GG"! 
E. Once the G-'-matrix was obtained, solutions to the secular equations, in the form 
F —G@'/ = 0, were obtained on the IBM 704 computer using a package program 
developed by QuELLE [18]. This was an extremely efficient program which required 
only about 3} min of machine time to solve two 12 « l2and two 10 © 10 secular 
equations. This program yielded the eigenvalues, 4, related to the fundamental 
frequencies by the expression, 2 = 5-8909 « 10-7 (yem~')*. This program which 
works on the principle of Jacobi’s method also produces the eigenvectors, the ele- 
ments of the L-matrix [5]. The L-matrix itself describes the distribution of the sym- 
metry co-ordinates amongst the normal co-ordinates. In matrix language, § — LQ. 
where § and Q are column vectors of the symmetry co-ordinates and normal co- 


ordinates, respectively. The normal co-ordinates may be obtained explicitly from 
the matrix equation, Q L~'S. where L~' is the inverse L-matrix. 
In order to use this program it was necessary to supply numerical values for the 


16] O. BasTIANseN and H. Viervo in, Acta Chem. Scand. 2, 702 (1948); D. W. ALLEN and L. E. Sutrron, 
Acta Cryst. 3, 46 (1950). 

17| American Institute of Physica Handbook. McGraw-Hill, New York (1957). 

18) F. J. Qve.re, Je.. MITSSMTG Programming Note No. 17 (1959). (Obtainable from MIT Computa- 
tion Center.) 
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F- and G~'-matrix elements. Since it is the F-matrix elements which are the un- 
knowns in the problem, various trial values of the F-matrix elements were used and 
the secular equations solved until the calculated 2 values agreed with the observed 
d's to within 5 per cent. To start with, only diagonal F-matrix elements were included, 
but it was found necessary to include certain off-diagonal F-matrix elements in order 
to obtain satisfactory agreement for both the light and heavy compounds. Details 
of the refinement of the values, using a Jacobian matrix method will be found in the 
thesis of Horrocks [19]. The final set of symmetry valence force constants for 
DMSO are listed in Table 8. 


Table 8. Symmetry valence force constants for dimethyl! sulfoxide 


4-76383 mdyn/A H stretch 

476125 mdyn/A H stretch 

495584 mdyn/A stretch 

0-48761 mdyn A C—-H deformation 
0-49274 mdyn A C—-H deformation 
045826 mdyn A S—C-—H deformation 
654356 mdyn/A S—O stretch 

0-70051 mdyn A rad=* CH, rock 

51598 mdyn A rad= CH, rock 

3-18664 mdyn/A S—C stretch 

l 


nw 


“53501 mdyn A rad ‘—S—O deformation 
55461 mdyn A deformation 


0-01999 mdyn rad~! deformation, S—C stretch interaction 
0-03502 mdyn A rad~ CH, rock, C—-S—O deformation interaction 
35000 mdyn A rad> CH, rock, C—-S——-O deformation interaction 
0-30000 mdyn A rad™ CH, rock, C-—S--C deformation interaction 
‘77232 mdyn/A stretch 
‘77132 mdyn/A C—H stretch 
‘96012 mdyn A C—-H stretch 
‘50826 mdyn A H—C—H deformation 
‘50752 mdyn A rad= deformation 
47352 mdyn A rad=* S—C—H deformation 
‘71345 mdyn A rad~ CH, rock 
‘57995 mdyn A rad CH, rock 

2-87290 mdyn/A S—C stretch 
-20648 mdyn A rad-* C—S—O deformation 


‘02971 mdyn A rad-* CH, rock, H—C-—H deformation interaction 
0-08469 mdyn rad~ CH, rock, S—C stretch interaction 

‘O7176 mdyn A CH, rock, C—-S—-O deformation interaction 
0-18224 mdyn rad~! CH, rock, S—C stretch interaction 


0-24649 mdyn A rad- CH, rock, S—O deformation interaction 


Skeletal force constants 


It was not considered worthwhile to attempt any sort of complete resolution of 
the symmetry valence force constants into valence force constants relating to bond 


19] W. D. Horrocks, Jr., Vibrational Analysis of Dimethyl Sulfoxide and the Thionyl Halides. Ph.D. 
Thesis, MIT (1960). 
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and angle deformations. However, it is of interest to compare the skeletal force 
constants of DMSO with those of the thiony! halides [15]. The notation below is the 
same as that used [15] for the thionyl halides. All interaction constants except kyo, 
the C—S stretch interaction constant, and k,,, the C—S—O angle deformation inter- 
action constant, were ignored. For DMSO the S—O stretching force constant, K,, 
equals 6-54 mdyn/A; the C—S stretching force constant, K,, equals 3-03 mdyn/A; 
the C—S—O bending force constant, k,/d,d,, equals 0-502 mdyn/A; the C—S—C 


A’-vibrations Table 9. Distribution of potential energy 


s Sis 


s 5 ‘ 8 


4 
0-002 0-001 0-001 
0-002 0-003 0-001 

0-997 0-002 - 0-002 . 

0-042 0-097 | 0-004 0-002 

{ 0-002 0-040 0-900 O-008 | - - 

DMSO j 0-002 0-915 0-002 0-001 0-088 . . 
0-001 0-014 0-024 0-008 0-463) 0-160 0-158 | 0-010 0-038 0-019 
0-002 0-077 0-195 0-686 0-023 0-006 | 0-019 

0-002 0-005 0.024 0-003 0-306 0-014 | 0-538 0-018 0-022 0-001 

0-001 0-002 0-069 0-023 0-014 0-006 | 0-823. 0-021 | 0-032 

0-002 0-004 0-003 0-006 0-001 | 0-131 | 0-050 0-762 0-184 
0-006 0-001 . 0-004 | 0-019 0-452 | 0-010 | 0-363 0-894 


0-007 0-003 — - 0-004 0-001 - 0-002 | 0-004 

0-003 0-007 — 0-001 0-002 0-001 0-002 

0-985 0-007 — | - 0.008 

0-007 0-003 0-004 0-285 0-459 0-012 0-025 0-165 0-012 0-010 

0-007 0-040 0-015 0-444 0-332 . 0-031 0-096 0-018 0-002 

d,-DMSO O851 0-028 O-O17 0-052 0-002 | 0-006 
0-009 0-038 0-929 0-001 OO12 0-002 O-OLI 0-008 

0-002 O-OL5 0-003 0-008 0-088 0-656 0-071 0-006 0-010 | 0-062 

0-007 0-022 0-004 0-026 0-051 O153 0-482 0-034 0-101 | 0-021 

0-001 0-006 0-001 0-203 0-016 0-073 0-028 0-623 0-013 0-021 

0004 0-007 0-009 0-003 0-008 0-213 0-056 0-710) 0-164 

0-002 0-002 0-002 0-041 10-500 O-OLL 0-337 | 0-862 


A’-vibrations 


Ss 


20 21 S 


‘23 
0-639 0-355 0-002 0-001 0-001 0-001 - 0-001 
0-356 0-640 0-001 0-002 0-001 . — 
0-997 0-002 — 0-002 
0-001 0-861 0-032 0-003 0-004 0-071 0-001 | 0-001 
DMSO 0-001 0-034 0-859 0-001 0-101 0-003 0-001 
0-003 0-004 0-004 0-910 0-001 - 0-077 
0-003 0-001 0-099 0-008 O-S21 O-OLL O-O14 O-O12 
0-003 0-093 0-002 0-007 0-016 O812 0-003 0-016 
0-001 0-002 0-067 0-056 0-005 0-843 0-070 
0-007 0-003 O-OLL 0-220 0-087 1-005 


0-716 0-007 0-003 0-001 0-003 0-002 
0-268 0-003 0-007 0-004 0-001 — 
0-007 0-008 
: 0-027 0-016 0-681 0-012 0-004 0-228 0-003 
d,-DMSO 0-006 0-902 0-010 0-024 0-001 0-037 0-006 0-002 


0-006 0-005 0-908 0-026 0-052 — 0-004 - 
0.001 0-008 0-001 0-047 0-048 0-697 0-046 0-040 0-049 
0-008 0-045 0-005 0-022 0-065 0-736 0-004 0-032 
0-001 0-001 0-001 0-004 0-183 0-162 — 0-636 0-068 
_ 0-013 0-001 0-009 0-015 0-296 | 0-100 | 0-948 
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bending force constant, k,/d,*, equals 0-459 mdyn/A; kj, = 0-157 mdyn/A; k,,/d,d, = 
0-061 mdyn/A. As would be expected, the S—O stretching force constant is consider- 
ably lower than in the thionyl halides because of the lower electronegativity of the 
methyl group compared to the halogen atoms. This tends to increase the electron 
density around the sulfur which in turn inhibits multiple O—S bonding which 
occurs by donation of pz-electrons of oxygen to vacant dz-orbitals of sulfur. 


Character of the vibrations 


Calculations of the distribution of the potential energy among the normal modes 
show that there is considerable mixing of the symmetry co-ordinates of the same 
symmetry types and further that the distribution often changes markedly on going 
from DMSO to DMSO-d,. The results are presented in Table 9. 

It is interesting to note here that only about half of the potential energy of v,, the 
“S—O stretching” vibration is actually associated with S—O stretching, the rest 
being concentrated in several of the rocking motions in DMSO and in the symmetric 
methyl! deformation and the S—C stretch in DMSO-d,. 
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Abstract—A -series fluorescent X-ray emission was measured as a function of primary wavelength 


and intensity to give the excitation efficiency £,, for fourteen elements from Ti(22) to Ag(47). 
Overall standard deviations were estimated to be between | and 5 per cent. Comparison with 


values calculated from early equations are in fairly good agreement but show the measured 
values to be less than calculated values for low atomic numbers and higher for high atomic 


numbers. 


Introduction 


Ix X-Ray spectrochemical analysis, one of the basic factors determining the X-ray 


intensity emitted from a specimen is the fluorescent excitation efficiency which we 
shall call E,,; the subscripts mean it depends on the primary wavelength /, and the 
atomic number Z. It may be expressed as 


where /,, is the total number of fluorescent quanta emitted and J, is the total number 
of primary quanta of wavelength /, incident. £,, depends on the incident and emer- 
gent glancing angles ¢ and ¢’. For the present paper, d and ¢’ were both 45° but 
other angles may be used with equation (2) in the section on calculations and E,, 
adjusted accordingly. 

It is well known that the most effective wavelength for exciting an element is just 
shorter than the A-absorption edge for the element [1]. The present paper reports 
quantitative measurement of A-series excitation efficiencies as a function of primary 
wavelength for fourteen elements from Ti(22) to Ag(47). They were made with 
modern X-ray generators, analyzers and detectors and are believed to be more accur- 
ate than early results of a similar nature {2, 3]. They are expressed in the most useful 


form for X-ray spectroscopy. 


Experimental details 


Fig. 1 shows the two arrangements used to obtain the primary radiation for 


exciting the various elements. Fundamentally they are similar to early experiments 
for determining fluorescent vield |2, 3]. The present equipment allows for more stable 


X-ray generation, much higher counting rates, and better correction for scattering 
and for fluorescence excited by the A,/2 component associated with the primary 
radiation because of the crystal diffraction. In Fig. l(a), radiation from the X-ray 
tube enters directly into the collimator system; in Fig. l(b), the X-ray tube excites a 
first element (hereafter called ‘‘fluorescer’’), whose characteristic fluorescence is then 


* This work was part of a project partially supported by the Field Command of D.A.5S.A. 
1} G. vow Hevesy, Chemical Analysis by X-rays and its Applications. McGraw-Hill, New York (1932). 
2} R. SterpHenson, Phys. Rev. 51, 637 (1937). 
3| H. Kustner and E. Arenps, Ann. Physik. 22, 443 (1935). 
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used as the primary radiation. The arrangement of Fig. 1(a) is used for 7, in the range 
from 0-3 to 0-7 A where the continuous radiation from the X-ray tube is most intense, 
and the troublesome 4/2 component that is diffracted in the second order is non- 
existent or relatively low because the limiting tube voltage is below 50 keV. The 
arrangement of Fig. 1(b) is used for wavelengths longer than 0-7 A because the char- 
acteristic lines are quite intense in this region and both the background intensity and 
and //2 components are very low. The overall X-ray tube output is monitored con- 
tinuously by a Geiger counter not shown in the drawings. The same double collimator 
and diffraction crystal arrangement are used in both Fig. l(a) and (b). Each collimator 


first 
fluorescer 


collimator | 
radiation (b) 


Fig. 1. Generation of monochromatic primary radiation: (a) Continuous radiation from 

the X-ray tube target is collimated and the crystal is set to diffract the desired wavelength 

Ap. Second-order diffraction of Ap/2 occurs at the same crystal setting. (b) Radiation 

from the X ray tube excites the Ist fluorescer element. The Kx component of its charac- 

teristic radiation is selected by the collimator and crystal and used as the primary radi- 
ation to excite the specimen. 


diffracting 


is a close-packed array of nickel tubings 4 in. long and , in. diameter. With a LiF 
crystal this gives a primary line breadth at half maximum of 0-06 A [4] at 2p = 1 A. 
The second collimator is masked to limit the primary beam cross-section to slightly 
less than the window size of detector | in Fig. 2. 

Fig. 2 shows the arrangement for measuring the primary and fluorescent X-rays. 
Detectors | and 2 are matched, flow-proportional counters with Mylar windows and 
use the standard 90 per cent argon 10 per cent methane counting gas. The path 
length is 2 em. With no specimen in position, all of the primary radiation enters 
detector 1 and is measured with standard electronic circuitry. An appropriate 
correction is made for the limited absorption in the argon gas as described in the 
following section on measurements. When the specimen to be measured is inserted 
as shown in Fig. 2, fluorescent radiation emitted is measured by detector 2. Uniform 
fluorescent emission is assumed over the full 47 solid angle [5], and the specimen is 


[4] L. 8S. Brrxs, X-ray Spectrochemical Analysis. Interscience, New York (1959). 
{[5] A. H. Compton and 8. K. Atiison, X-rays in Theory and Experiment p. 485. Van Nostrand, 
New York (1943). 
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assumed to be a point source so that the relative solid angle intercepted by the de- 
tector is more easily calculated. The window area of detector 2 is 1-44 em? and its 
distance from the center of the specimen is 3-1 em giving a detector solid angle of 
1-44/4- (3-1)? = 1/84. This means that detector 2 readings must be multiplied by 84 
(as well as other factors described below) to get the total fluorescence. 


detector 2 


primory 
rogotion specimen 


detector | 
Fig. 2. Measurement of primary and fluorescent intensity. With no specimen in position, 


all of the primary radiation enters detector 1. When a specimen is inserted, the charac- 


teristic fluorescence enters detector 2 


Measurements 

The excitation of zirconium by primary radiation of 2, = 0-67 A is used to illus- 
trate the data treatment for the arrangement of Fig. l(a). With the crystal set to 
diffract 0-67 A radiation and no specimen in position, the X-ray tube voltage and 
current were set to give a reading of 9500 counts/sec in detector 1. The 9500 must 
first be multiplied by the correction factor for the limited absorption of 0-67 A radia- 
tion in the 2-em path length of 90 per cent argon gas. The second-order, 4/2, com- 
ponent at 0-34 A may be disregarded here because it would not be greater than 5 per 
cent of the 0-67 component initially and would be absorbed only one-tenth as much 
in the argon thereby reducing its contribution to less than 0-5 per cent. Fig. 3 shows 
the proper multiplier for each wavelength. The data in Fig. 3 were prepared from 
handbook values of the argon absorption coefficients and this was the only place in the 


experiment where absorption coefficient values were required. At 0-67 A, the multi- 
plier factor is 26-5 and Jp = 9500 » 26-5 = 251,800 counts/sec. 


Next a thick (~2-3 mm) zirconium specimen was inserted as shown in Fig. 2 and 
detector 2 read 124 counts/sec. To get the background correction, the zirconium was 
replaced by niobium, the next higher atomic number element that would not be ex- 
cited by 0-67 A radiation. Detector 2 read 30 counts/sec for the niobium. Since this 
cannot be fluorescence excited by 0-67 A radiation, it must represent scattered pri- 
mary radiation plus niobium fluorescence excited by the 4/2 component in the pri- 
mary beam. The difference 124 — 30 = 94 counts/sec was a good measure of the Zr 
K-series fluorescence excited by the 0-67 A radiation. It is necessary to distinguish 
the ZrK, and ZrK, components in the 94 counts/sec. From SrecBann’s tables [6] 


[6] M. Steceann, Spektroskopie der Réntgenstrahlen. Julius Springer, Berlin (1931). 
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we find that the ZrK,, line is 16-66 per cent as strong as ZrK,. Using the multipliers 
24 for ZrK, and 18 for ZrK, from Fig. 3, the 94 counts/sec may be expressed as 


94 = J,/18 + 0-1666 T,/24 


Solving for J, we find J, = 1505 and J, becomes 251. These figures must be multi- 
plied by 84 to correct for the solid angle intercepted by detector 2 and finally I,, = 
126,400, Jp, = 21,000. For ZrK,, E,z becomes 126,400/251,800 = 50-2 per cent and 
for ZrK, E,z becomes 21,100/251,800 = 8-4 per cent. For A, shorter than 0-67 A, Nb 


10000}+—— 


Multiplier 


0.5 LO 
Wavelength in AU. 


Fig. 3. Correction factor for argon gas absorption as a function of wavelength. The path 
length is 2 em and the gas is 90 per cent argon at 1 atm. Each reading of Jp or Ip must be 
multiplied by the appropriate correction factor for the corresponding wavelength. 


cannot be used to correct the Zr reading because the Nb will also be excited by Ap. 
The procedure then was to measure the scattering from both a light element such as 
aluminum and a heavy element such as tin, and interpolate to the atomic number of 


zirconium. 

When a first fluorescer was used as in Fig. 1(b), the data treatment was the same 
as in the previous example but the background correction was usually less than 5 
counts/sec as compared with 30 counts/sec in the example above. 

With all the known corrections made, the total excitation efficiency F,, for the 
sum of the K, and K, components is plotted in Fig. 4 and tabulated in Table 1 for the 
fourteen elements measured. Data on the relative contribution of the K, and K, 


components is given in SIEGBAHN [6]. 
Discussion 
Errors 


Some of the errors that will affect the accuracy of E,z may be estimated; they 
include detector statistics, reading the counting rate from strip-chart recordings, 
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Fig. 4. Excitation efficiency £4z for various elements as a function 


Table 1. 


of primary wavelength /,. 


Excitation efficiencies E,z in per cent from Fig. 4 
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1-89 
20 12-5 165 
2-07 16-5 
2-2 13-3 
2-4 14-2 
2-49 (K- 14:3 
52 


Fluorescent X-ray excitation efficiencies 


background correction, detector absorption correction, and assuming a point source 
for calculating detector 2 solid angle. 

Table 2 lists some of these factors and the range of error that is believed likely to 
occur. Of errors not tabulated, assumption of a point source of fluorescent radiation 
introduces a constant error of less than 0-7 per cent in 2,7 (Ey, values given are too 
large). Neglecting the methane absorption in the detector introduces a difficult error 
to evaluate. Near the K-edge, the effects will be compensated in detectors | and 2 
but for very short exciting wavelengths there may be as much as 0-5 per cent error. 

If the values in Table 2 are treated by the usual technique of summing variance, 
the minimum standard deviation is 1-6 per cent and the maximum is 4-2 per cent. 
Other known sources of error that cannot be estimated easily include detector and 
preamplifier instability. The Geiger counter mentioned earlier and used to monitor 


Table 2. Sources of error and probable range in per cent 


Range 
Source of error Min Max 
(%) (%) 


Detector statistics 0-5 1-5 
Reading chart 0-5 1-5 
Background correction 1-0 30 
Detector absorption 1-0 2-0 


the X-ray tube output allows any of the 5-min readings to be discarded if unusual 
fluctuations are observed or if the proportional counter output changes abruptly 
without a corresponding change in X-ray tube output. Everything considered, it 


appears that the absolute values of £,7 should be accurate to between | and 5 per cent; 
the relative value of E,, for any one element as a function of 7, is probably accurate 
to 5 per cent of the £,, value at each /,. 


Comparison with calculation 

Equations for calculating fluorescent yield, m,, were developed many years ago 
(2, 3] and required knowledge of the absorption coefficients and a term similar to 
what has been called £,7 in this report. If we now assume that fluorescent yield 
values are known from other types of measurements [7], we may use those early 
equations to calculate the excitation efficiency £,7. The equations of BurHop [8] are 
expressed in terms of energy but for this experiment may be rewritten for the sum 
of the K, and K, components in terms of number of quanta J, and J, 


= = (1 tp ese d/(up ese d + ese (2) 


where |/J x is the fraction of Jp absorbed in the atom by shells other than the A shell 
[5]; ¢and ¢’ are incident and emergent glancing angles. Values of (1 — 1/J,) range 
from 0-89 for Ti to 0-84 for Ag. rp is the true (photoelectric) absorption part of wp; 
tp differs from uw,» by less than 0-5 per cent near the K-edge and by less than 2 per 


C. E. Roos, Phys. Rev. 105, 931 (1957). 
E. H. 8. Burnor, The Auger Effect. Cambridge University Press (1952). 
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cent even at very short primary wavelengths. Therefore the value of «4» was substi- 
tuted for rp in calculating E,, from equation (2). Table 3 compares calculated and 
measured values of E,, for six of the fourteen elements from Ti to Ag. Differences 
between measured and calculated values are generally less than the 5 per cent maxi- 
mum error although one difference of 19 per cent was found for Ag. It is interesting 


Table 3. Comparison of measured and calculated values of excitation efficiency E,z — Eyneas 
is now the sum of the K, and Kg, components for each element 


Element Ap E meas E cate Emeas — Ecatc 
(A) (%) (%) (%) 


2-0 

1-0 
‘74 
95 
90 
90 
63 
417 
“618 
“417 
‘331 


that the measured values are smaller than the calculated values for the low atomic 
number elements and larger for the high atomic number elements. This makes the 
differences seem real rather than just random errors. Since the meaured values in 
this experiment do not require any assumption of absorption coefficient or fluorescent 
yield values, they are probably more nearly correct than the calculated values. 
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Abstract—The infrared and Raman spectra of s-triazine and s-triazine-d, have been taken and an 
assignment of the fundamental vibrational modes has been made. Nearly all the remaining 
observed bands are accounted for as combinations or overtones. A simple valence force field 
normal co-ordinate analysis was made, and the values of some force constants calculated. 


Introduction 
THE infrared and Raman spectra of s-triazine have been discussed by GOUBEAU ¢f 
al. {1] and by the present authors [2,3]. The purpose of the present paper is to 
present a new vibrational assignment in the light of data obtained from the deuter- 
ated species, s-triazine-d,. 

In the first reference, only solutions of s-triazine in CS,, CCl, and C,H, were 
examined, and a partial vibrational assignment was made. In references [2] and [3] 
a second assignment was made based on the gas-phase infrared spectrum and the 
liquid-phase Raman spectrum. In the present paper, the corresponding data from 
the deuterated species s-triazine-d, have been obtained. Consideration of these new 
data results in a more satisfactory assignment than had been previously obtained. 
A normal co-ordinate analysis is made, and the results of some V FC force constant 
calculations are given. The assignment of the planar frequencies reported here has 
also been supported by the recent Urey—Bradley force field calculations of Craw- 
rorp and CaLirano [4]. 


Experimental 

The preparation of s-triazine consists [5] in adding HCN to an HCl-ether 
solution and neutralizing the resulting sesquichloride, (HCN),(HCl),, with an 
amine. The triazine is condensed from the vapor phase when the mixture is 
warmed. Triazine-d, is easily prepared starting with DCN and DCI, and the sample 
used in this study was shown to have an isotopic purity of better than 95 per cent 
from its mass spectrum. 

For this study, a small amount of solid was introduced into cells with 10-em and 
100-cem path lengths, and the infrared spectrum of the vapor observed at room 
temperature. The spectra were observed between 400 and 4000 em-, using Perkin— 
Elmer models 21 and 12A with NaCl and KBr prisms. The light isotope was also 
observed in the gas phase with LiF optics. The spectra were compared with other 
gases commonly used for calibration, and the frequencies reported are probably 
correct to within +5 em~ in the 3 yw region and +1 cm~'in the longer-wavelength 
region. The spectra are shown in Fig. 1, and the frequencies of the absorption bands 


| J. Gouseav, E. L. Jann, A. Kreurzsercer and C. GrunpMann, J. Phys. Chem. 58, 1078 (1954). 
| J. E. Lancaster and N. B. Coiruup, J. Chem. Phys. 22, 1149 (1954). 

| R. F. Stamm and J. E. Lancaster, J. Chem. Phys. 22, 1280 (1954). 

| B. L. Crawrorp, Jr. and 8. CaLrrano, Spectrochim. Acta 16, 900 (1960). 
] C. GrunpMaANN and A. KrevrzBerGcer, J. Am. Chem. Soc. 76, 632 (1954). 
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The vibrational spectra of s-triazine and s-triazine-d, 


Table 1. Vibrational spectrum of s-triazine 


Infrared 


Raman 
Assignment 


Liquid 


Solid liquid 
340 (4) d 
685 vs 5s 676 (6) d Vy 
730 vs 35 w 
830 V9 
930 vw 
992 (7) p 
1015) vw 1024 w 1033 m 
1027) 
1068 w 1070 w 1067 w + = 1077 
Ve A”, E”) 1070? 
LL17 (0) ? v, due to isotopic C,, molecules? 
1132 (8) p v9(A’;) 
1167 m 1176 (2)d 
1262 (0) Wy, (E’) 1265 
1278 (00) ? 
1316 (0) + + BE’) = 1332 
1410 vs s, 1410 vs 1410 (2) d 
1465 (1) p = 1474; + 
1472 
1556 vs 1550 vs 1550s 1555 (3) d v(E’) 


1646 
— 1654 w 1668 1667 m 
1663! 


Vi4 A”, = 1015; 
+ A’, + E’) = 1020 


(OO) | Vio 1667 
1778 w f If v5 is 1031 em 1 this could be 
13 Vio 1768 
1794 w 1805 w 1807 
1845 vw 1850 w Vig E’) 1844 
1854 (0) 1850 
1924 (00) + = 1911 
1955 w 1957 1980 m If v5 is L031 em 1 this could be 
+ My 1956 
2032) = 
2092| DORK ww 2085 2057 
2043) 2037 w 2055 2065 m 205 
2038 (00) ? 
2085 vw 2100 Vig + ¥g(A’, + £’) = 2085 
2119 (0) + 2124 
2212 (1) p "10 EK’ 2231 diffuse 
2266 (0) 2v,(A’,) = 2264 
2265 p 
2279 q) w 228: 2270 m 23067 
2293 r 
2368 (00) 
2400 vw 2400 w 
2540) 2520 sh) 
2546 w 2550 
2553) 4° 2550 w 
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Table 1—(contd.) 


Infrared 
Raman 


— Assignment 
: liquid 
Gas Liquid Solid 


2582 w 2585 w 2580 w V9 v(A’, + E’) 2584 
2685) 2650 vw | 


2691 w 2691 vw + 2688 
2697! 2710 vw! 7 


2762 ? ? 
2784 (0) ? 
2820 (00) 2v,(A’,) = 2820 


S013} 2920 w 2920 vw 
2926) 


2942 (2) p + 2966? 


2955) tal + 2966 
2962 W 2965 w 2980 w 
2968)! 


3042 (10) p v,(A’,); diffuse; probably covers Vg 
3056 m 3055 s 3070 m ve(E’) 
3100 
31l4q)w 3110 m 3130 w 3107 (3) p 2v,(A’, + E’) 3112 
3128r 


are given in Tables 1 and 2. Liquid (above 85°C) and solid-phase (Nujol nulls and 
crystallized melts) data are also included in the tables. Frequencies were not 
observed to shift greatly due to changes of phase. 

For both isotopes, the Raman spectra of the pure liquids (above 85°C) were 
photographed, using a grating spectrograph that has previously been described [6] 
(with the exception that here a mercury are of the Toronto type was used for the 
source). Both 4358 A and 5461 A Hg excitation were used. The spectrum of He 
was used as a comparison, and the best plates microphotometered. The frequency 
shifts and their polarization characteristics are given in Tables | and 2. 

Considerable difficulty was encountered at first when incompletely purified 
triazine was subjected to exposure under the mercury are. The formation of (HCN), 
a vellow to brownish-black polymer, was invariably observed. Only when care was 
taken to dry and purify the sample could long exposures be made without strong 
scattering from the accumulating polymer. 


The vibrational assignments 

Triazine has the symmetry D,,, and the reduced representation of the vibrations 
has the structure 3A’, + 2A’, + 5E’ + 2A", + 2K". The first three species con- 
tain the vibrations in the plane of the ring, and the last two contain the out-of-plane 
vibrations. The infrared and Raman activity and polarization characteristics are 
as follows: A’, (R, p), A’, (inactive), (IR, R, d) A”, (IR), (R, d). 

One of the A’,-vibrations is a symmetrical CH stretching type, which should 
appear near 3000 cm~; the other two are ring breathing modes and should appear 


6) R. F. Stamm, Ind. Eng. Chem., Anal. Ed. 17, 318 (1945). 
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The vibrational spectra of s-triazine and s-triazine-d, 


Table 2. Vibrational spectrum of s-triazine-d, 


Infrared R 
aman 


liquid 


Assignment 
Solid 


309 (1)d 
5778 | 
662 s 165 s 663 (3) d 
846 (00) | 2% 9 — = 845; 


861m (doublet) w 


879 w 882 (00) + = 886; 
931 w 934 m 935 (2) d 
987 (9) p ¥3(A’,) 
1071 vw 1077 (10) p v,(A’,) 
1093 (00) dh isomer? 
1145 vw 1149(0)p 2%9(A’;) 1154 
1183 vw + = 1170 
1284 s 1283s 1282(0)d »,(E’) 
1331 w 1333 w 2¥,9(A’, + E’) = 1324; 
dh isomer? 
1401 w | ? 
1504 w | + %43(A*, + A’, 4 
1508 
1530 vs 1525 vs 1523 (1) d v,(E’) 
1598 vw 1600 vw + 
1593; + ¥9(A’ 
+ E’) 1593 
164l vw 1653 w + ¥(E’) = 1649; 
2 + = 1654 
1684 (00) | x $462) 
v,(E’) = 1739 
+ %4(A’, + A’, + 
= 1839 
1958 vw 58 Vv + + 
1946? 
2025 vw 35 vw + v,(E’) = 2008? 
"19 + 4 
2192 
+ ¥(A’, 


2280 m v,(E’) 


bo bo 


to 


2320 vw 

2370 w 2370 w 

2447 vw 2448 vw 2455 (00) 
2512 w 2510 w 

2562 vw 


Ges 
= L ) 
17 
96] 
293 (4) p v,(A’;) 
(1) 
| ? 
v, + = 2361 
| + ¥(A’, +E’) = 2461 
| v,(E’) = 2517 
2v,(A’, + = 2568; 
2583 
2605 vw | % + 2607 
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Table 2—+(contd.) 


Infrared 
Raman 


liquid 


Assignment 


Cas Solid 


2790 vw ’ 


3035 vw 3050 vw 2r,(A’, E’) 3060; 
momer? 
3225 vw = 3224 
3340 vw 3375 vw 3357 
3555 vw Ve vel A E’) 35604 


3605 vw 


3855 vw 


near 1000 cm~'. Three strong, polarized Raman lines are observed at 3042, 1132 
and 992 em~'. The A’,-assignment for triazine-d, follows equally readily, with lines 
at 2293, 1077 and 987 em™!. 

The five doubly degenerate vibrations of species E’ should be active in both 
infrared and Raman. One is a CH stretching vibration, three are ring vibrations 
(two of which should correspond roughly to the 1600 and 1500 em~! ring modes of 
benzene) and one is a CH rocking vibration, which should appear near 1200 em~. 
The five coincidences are observed at 3056, 1555, 1410, 1174 and 675 em~', with all 
Raman lines being depolarized. For triazine-d, we observe coincidences at 2280, 
1523, 1282, 935 and 663 em~'. 

In the light isotope, the strong infrared band at 737 cm~' is no doubt one of the 
two A’,-vibrations, leaving the other to be assigned to one of the weak bands 
observed between 800 and 1100 em~'. However, both A”, vibrations are strong and 
well defined in the heavy isotope, appearing at 861 and 577 em~'. The product rule 
for A”, forces the choice for the remaining fundamental in light triazine to the weak 
band at 925 cm~'. Support for this assignment comes from application of the iso- 
tope intensity rule [7] which shows that this band may be expected to be of low 
intensity. 

Only one of the two £"-vibrations is observed in both isotopes in the Raman 
effect; this is the ring vibration at 340 cm! in ordinary triazine and 309 em~™ in 
heavy triazine. The other £”-vibration, a CH wagging, should be expected in the 
range 800-1300 em~', but unfortunately seems too weak to appear, or is too close to 
another line to be resolved. Except for this, and the two A’,-fundamentals, which 
are inactive, the assignment is complete. The numbering of the fundamentals, used 
in the tables, follows the HerzeerG scheme [8]. 

Many overtones and combinations are observed; a satisfactory assignment of 
nearly all of them is given in Tables | and 2. A careful examination of the overtones 
failed to reveal any positive information with regard to the location of the two 


7) B. L. Crawrorp, Jr., J. Chem. Phys. 20, 977 (1952). 
8! G. Herzeenc, Infrared and Raman Spectra of Polyatomic Molecules. Van Nostrand, New York 
1945) 
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The vibrational spectra of s-triazine and s-triazine-d, 


inactive vibrations in A’,. Table 3 shows the agreement of the observed frequencies 
in the isotopic molecules with the product rule. 

The weak satellite at 1117 cm~! has an intensity of 4-8 per cent of the 1132 line 
and presumably could arise from an isotopic molecule involving C or possibly °N, 
analogous to the case of the 992 cm~! totally symmetric line in benzene, discussed 
by LANGsetH and Lorp [9]. 

The assignment of the infrared band near 830 cm~ to a difference band », — »,, 
is supported by the fact that the absorption in the liquid, above 90°C, is enhanced, 
as would be expected for difference bands. It would be expected that », + »,, 


should appear, but this band could well be hidden under the strong band at 1556 
1 


em 


Table 3. The product rule for s-triazine 
and s-triazine-d, 


Calculated Observed 


‘TO74 0-7135 
0-7460 

00-5096 0O-5196 
00-7204 0-7287 


7460 


The band at 737 em~', »,,, shows a multiple Q-branch. This could be caused by 
a “hot” band of the type »,, + », — v, superimposed on the fundamental. The 
intensities of the two most intense Q@-peaks reverse on progressive heating of the 
vapor, which supports the interpretation. No doubt y, is »,,, the lowest-lying 
fundamental. 
Normal co-ordinate treatment 
As a further check on the assignment, a normal co-ordinate analysis was carried 
out using WILSON’s techniques [10]. The following valence-type potential functions 
were used: 
V(planar) = }>[K*R? + K’r,? + K*(Rz,)? + RB,)? 
+ interaction terms} 
V(non-planar) = R*}|K°s,? + K’'r,? + interaction terms] 
R, and r, are the CN and CH stretching co-ordinates, respectively, with R and r the 
corresponding bond lengths. The angle bending co-ordinates are x,(NCN), 8(CNC) 
and y,(CH rocking). The non-planar motions were described by 6,(CH wagging and 
'NCN torsion). 
In setting up the G-matrix, R was taken to be 1-34 A (as in melamine [11]}) and r 
was taken to be 1-08 A (as in benzene). These values have been confirmed by 


STOICHEFF’s work on the pure rotational Raman spectrum of triazine [12]. For 


(9) A. Laneseru and R. C. Lorp, J. Chem. Phys. 6, 203 (1938). 

10) E. B. Wirsow, Jr., J. C. Decrus and P. C. Cross, Molecular Vibrations. McGraw-Hill, New York 
(1955). 

11} E. W. Hueues, J. Am. Chem. Soc. 68, 1737 (1941). 

12} J. E. Lancaster and B. P. Sroicnerr, Can. J. Phys. 34, 1016 (1956). 
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simplicity, the ring angles were assumed to be 120°, although Srorcnerr, and 
WHEATLEY [13] have found the NCN angle to be 126-8". 

The secular equation was factored according to the molecular symmetry by the 
use of symmetry co-ordinates. Redundant co-ordinates were explicitly calculated, 
then ignored in the calculation of the factored G- and F-matrices. 

The factored (@-matrix for the planar modes given by CALIFANO and CRAWFORD 
is identical to the one used in this work. The non-planar factored G-matrix elements 
are given in Table 4. 

Table 4. The non-planar factored 
G-matrix elements * 


its 


* Here we. in. is are the reciprocals of the maases of 
earbon, hydrogen and nitrogen respectively. and 


p= 
Force constants 
The notation F’,, is used to indicate the principal force constant corresponding to 
the symmetry co-ordinate s, associated with v, while /,"( = f,’) denotes the inter- 
action constant between s, and s.. Because of the number of redundancies (one in 
A’,, two in E’, one in A”,, and one in £") it did not prove possible to calculate 
directly the individual valence force constants involved, with one exception, dis- 


cussed below. 


The out-of-plane constants 


The three force constants associated with the two symmetry co-ordinates in the 


A” ,-species are readily calculated, for here the frequencies are known from both 
isotopes. The frequencies were adjusted slightly (less than 3 cm~') to make the 
product rule exact. One value of the diagonal constant F,, is obtained: 0-2614 
(in mdyn/A). Two sets of the remaining two constants are obtained: F,, = 0-2305, 
= 01805, or Fy, = 01475, f,," 0-1043. Both are physically realizable. 
The £"-species force constants could be obtained equally readily, but unfortu- 
nately neither »,, nor »',, appears in the respective Raman spectrum (primes are 
used to indicate the frequency in the heavy molecule), unless v’,, is the very 
weak line at 846 cm~', which appeared on Raman plates of long exposure. Since 
Fy, = K° + 2k and F,, = K° — k’, where &’ is the interaction constant between 
any two CH wagging co-ordinates, one solution may be obtained if we assume 
k’ = 0. Then F,, = Fy, = 0-2614, and we could calculate the missing frequencies 
as well as the two remaining constants. Assuming for the moment that this is the 
case, we find »,, = 988 cm~!, »'}, = 811 em~', and two sets of values for the remain- 
ing two force constants: F,, = 0-0815, f,%> = 0-0541, or F,, = 05492, f,,® = 
(3538. The first set is the more appealing, since the values have more nearly the 


13) P. J. Waeatiery, Acta Cryst. 8, 224 (1955). 


162 


° 
‘ 
& LS? 
(p 2), 2uy| 
p iy \p 2) Ms 
VC L . 
196) 
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magnitude of the corresponding constants in the A”,-species, which would be the 
case if the interaction constants were small. 

MILLER and Crawrorp [14] found hydrogen wag interaction constants in ben- 
zene to be of the order of 5 or 10 per cent of the principal constant for hydrogen 
atoms para and ortho to each other, respectively, while the meta constant was much 
smaller. If we assume that the absolute value of k’ is likely to be no greater than 
5 per cent of K’, then »’,, would be found in the range 685-1030 cem~ and »,, would 
appear between 765 and 1200 cm~'. If »’,, is the weak line at 846 em-, then »,, 
would be located at 1031 cm~', and F,, becomes 0-2830, and the two sets of the 
other constants are F,, = 0-0741, f,,)% = 0-0509, or F,, = 0-6047, f,, = 0-3909. 
From F,, and F,, we calculate K’ = 0-2759, 0-007 2. 


The in-plane constants 

The three vibrations of the totally symmetric species, A’,, are well characterized 
in the Raman spectra of both molecules. There are five independent relations 
between the six symmetrized force constants and the six frequencies, so that not 
all of the constants can be determined. The simplest approaches are either to 
assume a diagonal F’-matrix or to factor off the CH and CD frequencies and cal- 
culate the force constants in the reduced matrix—in this latter case it would be 
possible to estimate the interaction constant f,?. 

The observed values of the CH and CD stretching frequencies were adjusted to 
“harmonic” values by assuming that the discrepancy in the product rule was due to 
anharmonicity. The relations between the three diagonal force constants and the 
three frequencies were solved first for the light molecule and then the heavy mole- 
cule. Two sets of constants are obtained for F, and F,, but the values are not far 
different so that a choice is difficult to make. The values from the two molecules are 
then averaged and frequencies calculated back as a check. With reference to the 
actual frequencies, the error (in the case of vy, and y,) is of the order of 12 em~, 
which is as good as can be expected in view of the geometrical approximations and 
the omission of the interaction constants. 

If the high frequencies are factored off, a value for f,? can be calculated. With 
the observed frequencies, the values of F, and F, are imaginary, but if a small 
adjustment is made in any one of the frequencies, a value of f,? of the order of 

0-18 is obtained. A better fit is obtained when this value is included. The results 
are summarized in Table 5. 

In species E’, an exact solution of the force field is not possible, since two iso- 
topes do not provide enough data. However, a set of frequencies was calculated 
from a plausible set of diagonal constants. With the high frequency factored off, 
and all interactions assumed zero, the force constants to be assumed are F,, F., F,. 
Fy. All but F, can be transferred from the A’, set of constants. /, can then be 
chosen to satisfy the relation @ F = A,AgAg/,q for the light molecule. Table 6 
shows the frequencies calculated from three different sets of constants. Although 
the four solutions fall in the proper part of the spectrum, the errors from the true 
values are rather large, especially in the case of the highest frequency (v;), which is 


[14] F. A. Mriier and B. L. Crawrorp, Jr., J. Chem. Phys. 14, 282 (1946). 
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Table 5. Force constants for species A’, and the frequencies calculated from them 
(both sets vield the same frequencies). The lower half of the table results 
from including the interaction constant f,* 


Frequencies (em!) 
C3N,H, C3N,D, 


Caled. Obs. Caled. Obs. 


5-38 5-38 ’ 3150 3147 2350 2352 
9-99 8-05 re 1120 1132 1089 1077 
0-671 0-833 ’ 1001 992 978 987 


Set I Set II 


5-38 5-38 2353 
9-69 8-26 1076 
0-688 0-808 983 
0-176 0-176 


Table 6. Frequencies (in cm!) caleulated for species E’ from three 
1 
plausible sets of force constants. In triazine-d,, only Set III was used. 
The hydrogen stretching frequency, vg, was factored off 


F, F F, F 
8-05 8-05 0-855 0-833 
5-50 8-50 1-00 1-Ol 
4-80 9-00 1-03 1-04 


Triazine Triazine-d, 
Cale. Cale. Obs. 


(Set 1) (Set IT) (Set IIT) (Set IIT) 
Vs 1804 1690 1679 1556 1570 1530 
1376 1365 1350 1410 1332 1284 
1049 1099 1118 1174 851 931 
667 694 686 675 677 662 


Vs 


"9 


"10 


placed over 100 em~! too high. It must be concluded that interaction constants 
must play a significant role in the E’ secular equation. 

Finally, there remain the A’, frequencies vy, and y,;, which are forbidden in both 
the Raman and infrared spectra. If we neglect the interaction constant /,;*, and 
assume reasonable values for /, and F, we may obtain a rough estimate of the 
frequencies. Fis very nearly equal to the CH rocking force constant. CRAWFORD 
and Miter [15] found this constant to have the value of 0-87 mdyn/A in benzene. 
In the £’-frequencies of triazine, we have used a value of F, which is of the same 
order of magnitude (/,, is approximately equal to F;). We shall, therefore, assume 
a value of 0-9 mdyn/A for F,. 


15) B. L. Crawrorp, Jr. and F. A. Mitver, J. Chem. Phys. 17, 249 (1949), 
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The vibrational spectra of s-triazine and s-triazine-d, 


F , is not so easily estimated, since the ring stretching interaction constants may 
be quite sizable. CouLson and Lonevuet-Hieorns [16] have outlined a method 
using molecular orbitals (in a simple form) for estimating the ring stretching and 
interaction constants, which they applied to benzene with qualitative success. 
Similar calculations for triazine, in which the electronegativity of the nitrogen atom 
is taken into account, indicate that the interaction constants should be of nearly the 
same magnitude and have the same algebraic signs as in benzene, and hence that F , 


Table 7. The fundamental frequencies of 
s-triazine and s-triazine-d, 


s-triazine s-triazine-d, 


3042 2293 
1132 1077 
992 987 
1617* 1586* 
1251* 951* 
3056 2280 
1556 1530 
1410 1284 
1174 931 
675 662 
925 S61 
737 577 
LO31+t 846 


a4 340 309 


These values are calculated from estimated 
force constants and hence are only ver) 
approximate. 

+ Calculated from the product rule. 


should be smaller than F,, F; or F,, with a value of about 6-0 mdyn/A. These 
estimated values of F, and F, give the frequencies y, = 1617 cm~', andy; = 1251 
em~!, which are quite reasonable for ring stretching and CH rocking motions, 
For 


the sake of completeness, these values are included in Table 7 where the fundamental 


respectively. For triazine-d, the calculations yield = 1586, = 951 


frequencies of both molecules are collected. 

The present assignment for the vibrational spectrum of s-triazine appears well 
supported by a V FC normal co-ordinate calculation. It is also encouraging to note 
that the recent calculations [4] on the planar vibrations using a Urey—Bradley 
potential function are in even better agreement with the experimental data. 
Acknowledgements——W e would like to express our appreciation to Prof. B. L. CRaw¥rorpb, JR. who 
transmitted the results of the Urey—Bradley calculation prior to publication and also to Mr. P. A. 


Burrow for assistance in obtaining some of the Raman spectra. 


C. A. Covutson and H. Lonever-Hieerns, Proc. Roy. Soc. (London) A 198, 456 (1948). 


Vo 
"3 
"4 
"5 
"6 
Vs 
"9 
"10 
"i 
17 
961 | 
165 


Spectrochimica Acta, 1961, Vol. 17, pp. 166 to 183. Pergamon Press Ltd. Printed in Northern Ireland 


n—»o* Absorption spectra of saturated organic compounds 
containing bromine and iodinet 


Karsumt Kimura and Sapuro NAGAKURA 
The Institute for Solid State Physics, The University of Tokyo 
Azabu-shinryudo-cho, Minato-ku, Tokyo, Japan 


(Received 16 August 1960) 


Abstract——Ultra-violet absorption spectra of a total of twenty-two saturated organic iodides 
and bromides were extensively measured in several polar and nonpolar solvents, in order to 
clarify the nature of long wavelength bands characteristic of these compounds having lone pair 
electrons. The results show that the absorption bands appear at about 260 and 200 my for alky! 
iodides and alkyl bromides, respectively. The oscillator strengths were calculated with LCAO 
MO and AO approximations for the n -+ o* transitions as well as for the first Rydberg transitions 
of the various alkyl bromides and iodides. Comparison of the calculated and experimental 
results indicated that the longest wavelength absorption bands for the alkyl halides are not due 
to the Rydberg transition but due to the n -+ ¢* transition, as suggested by MuLLIKEN. The 
f-values calculated by the aid of AO approximation were in better agreement with the correspond- 
ing experimental values than those by the LCAO method. A sharp strong band around 1940 A 
was assigned to the first Rydberg transition from the comparison of experimental and calculated 
oscillator strengths for ethyl iodide chosen as an example. 

Solvent effect, as well as, alkylation effect on the ultra-violet absorption bands was investi- 
gated for the compounds. It was found that the » -+ ¢* bands show a blue shift with the 
increase of solvent polarity and show a red shift in the order of the primary, secondary and 
tertiary alky lations of the carbon atom attached to iodine. 

Absorption spectra of methylene iodide and iodoform, which may be resolved to give four 
individual bands, were successfully interpreted in terms of the appropriate combination of 
upper and lower orbitals splitted by mutual interactions between the iodine atoms in these 
compounds, 

Introduction 

GENERALLY speaking, absorption spectra of many saturated organic compounds 
appear in the vacuum ultra-violet region, so that exact and reliable data on them are 
not so extensive. However, some saturated halogen-containing compounds, espe- 
cially iodine-containing compounds, exhibit absorption spectra in the near ultra- 
violet region where optical measurements are more easily accessible. This may 
conceivably be in an intimate relation with the fact that these compounds involving 
lone pair electrons generally show lower ionization potentials than usual saturated 
hydrocarbons do. 

So far, there have been carried out two noticeable experimental studies on the 
electronic absorption spectra of saturated halogen-containing compounds. One is the 
study on the Rydberg series in the vacuum ultra-violet region for which Pricer’s 
works [1] are recalled. He observed two series leading to different limits for the alkyl 
halides and inferred on the basis of MULLIKEN’s theory [2] that there exist two 

+ Presented at the Thirteenth Annual Meeting of the Chemical Society of Japan in Tokyo on 4 April, 
1960 


1} W. C. Price, J. Chem. Phys. 4, 546, 549 (1936). 
R. 8S. Phys. Revs. 47, 413 (1935). 


166 


VOL. 
17 


196: 


5 
"Se 
is 
+ 


n — o* Absorption spectra of saturated organic compounds containing bromine and iodine 


electronic levels corresponding to 'z and *z. The other is the study on the long 
wavelength absorption limits accomplished by many earlier workers who have dis- 
cussed photodissociation phenomena [3, 4]. Recently, HaAszeELpINE [5] measured the 
long wavelength spectra of a variety of halogen-containing aliphatic iodo-compounds 
in light petroleum and ethanol solutions, and stability of halogen-containing alky| 
radicals. 

It was suggested by MULLIKEN [6] that the longest wavelength bands of alkyl 
bromides and iodides are probably due to the n o* transition, — 27,%0*, 
just as those of halogen molecules, although there remains a possibility of the 
Rydberg transition to an excited state, o°7,?7,(ns) [7]. MULLIKEN calculated abso- 
lute intensities for the n —» o* spectra of some alky! halides, hydrogen iodide and 
iodine [6, 8], and succeeded in achieving a fairly good agreement between the calcu- 
lated and experimental intensities. Further, he pointed out that the observed values 
for iodine-containing compounds were abnormally small. He ascribed these anomalies 
to partial case c coupling, as in the iodine molecule [8]. Unfortunately, however, 
these conclusions for alkyl bromides and iodides seem to be unsatisfactory, because 
reliable experimental data of absorption intensities have not been available for these 
compounds except for the methyl! iodide. 

In this connexion, it looks desirable to investigate the longest wavelength absorp- 
tion bands of some members of alkyl bromides and iodides. Hence we have under- 
taken to measure extensively their absorption spectra in several polar and nonpolar 
solvents. Saturated organic iodides are perhaps the simplest prototype suitable to 
the investigation of the nature of the long wavelength absorption bands, because of 
their complete appearance in the favourable wavelength region for observation. In 
order to make a definite assignment of these absorption bands, the present authors 
have calculated extensively the oscillator strengths for the n —> o* transitions as well 
as for the first Rydberg transitions and compared the results with experimental 
values. Further an attempt has been made to discuss both solvent and alkylation 
effects on the ultra-violet absorption bands, and to infer an order of electronegativities 
of various alkyl groups on the basis of the band shifts of the longest wavelength 
absorption. Finally, it has been undertaken to clarify the origin of ultra-violet 
absorption bands of methylene iodide and of iodoform. 


Experimental 
Sample 
The following saturated organic compounds were studied in the present work: 
alkyl bromides are of methyl, ethyl, isobutyl, s-butyl, t-butyl, cetyl and cyclohexy]; 
alkyl iodides are of methyl, ethyl, n-propyl, isopropyl, n-butyl, isobutyl, s-butyl, 
t-butyl, n-amyl, cetyl and cyclohexyl; hydrogen iodide; methylene bromide and 
methylene iodide; and bromoform and iodoform. The bromides and the lower 


Y. P. Parti and R. Samvet, Proc. Phys. Soc. (London) 49, 568 (1937). 
H. Sponer and E, Te.citer, Revs. Modern Phys. 18, 75 (1941). 
R. N. Haszevprne, J. Chem. Soc. 1764 (1953). 
R. 8. Muturken, J. Chem. Phys. 8, 382 (1940). 
F, A. MATSEN, Chemical Applications of Spectroscopy, Technique of Organic Chemistry Vol. IX, p. 659. 
Interscience, New York (1956). 
| J. Chem. Phys. 8, 234 (1940). 
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members of the aliphatic iodides were purified by washing commercial products with 
dilute sodium carbonate solution and repeatedly with water; then the materials were 
dried over phosphorus pentoxide after a preliminary drying with calcium chloride and 
fractionally distilled twice. The higher members of the aliphatic iodides, which are 
isobutyl, s-butyl, t-butyl, cetyl and cyclohexyl iodides, were prepared from iodine, 
red phosphorus and the corresponding alcohols, following the direction of Organic 
Syntheses |9). The products were decolorized by shaking with sodium thiosulphate 
solution, washed several times with water, and then dried over calcium chloride and 
fractionally distilled. Lodoform was purified by sublimation of a commercial product. 
n-Heptane solution of hydrogen iodide was prepared as follows: A commercial 60 per 


cent aqueous solution of hydrogen iodide was slowly dropped on to phosphorus pent- 


oxide and the gas produced was led into the purified n-heptane through a phosphorus 
pentoxide tube. 


Solvents 

n-Heptane was purified by shaking with concentrated sulphuric acid, with dilute 
sodium hydroxide, and repeatedly with water. After being kept to stand over cal- 
cium chloride for | day, it was fractionally distilled over sodium. Ether was dried by 
treating with sodium and fractionally distilled. Methanol was fractionally distilled. 
Methylene chloride and chloroform were purified by shaking with concentrated 
sulphuric acid, with dilute sodium hydroxide, and finally with water. Then the 
materials were dried over calcium chloride and fractionally distilled. 


Measurements 
Almost all solutions were initially made up at concentrations ranging from | to 
10 « 10°* mole/l. and these parent solutions were diluted to suitable concentrations 


for the absorption measurements. The concentration of n-heptane solution of 


hydrogen iodide was determined from that of iodide isolated from the solution by 
irradiating a strong ultra-violet light. The electronic absorption spectra of all the 
compounds were obtained using a Cary recording spectrophotometer model 14 M. 
The measurements were made at room temperature (about 10°C) by using evlindrical 
cells (fused silica) with stoppers of l-cm light path. The spectra were usually deter- 
mined in duplicate, peak wavelengths being read to 0-3 mu and their average values 
were taken in the present paper. The accuracy of the results which are summarized 
in Tables 1—4 is probably less than | per cent for molar extinction coefficients, and 

0-3 mu for wavelengths, with somewhat less accuracy for the n-heptane solution 
of hydrogen iodide. 

Experimenta! results 

Absorption spectra of the bromides appear only partly in the ultra-violet region 

accessible by the use of the present instrument. In Fig. | are given the absorption 


spectra of the alkyl bromides in n-heptane solutions. The absorption spectra of 


methylene bromide and bromoform are shown in Figs. 2 and 3, respectively. Posi- 
tions and molar extinction coefficients for the absorption maxima of these spectra are 
listed in Tables | and 2. Many more experimental results were obtained for the iodo- 
containing compounds, because their long wavelength bands appear in a favourable 


" 4. H. Buatr (Editor). Organic Syntheses Collective Volume 2. John Wiley , New York (1943), 
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region for observation where various polar and nonpolar solvents can be applied. 
In Fig. 4 are shown the absorption spectra of the alky! iodides in several polar and 
nonpolar solvents, their peak wavelengths and molar extinction coefficients being 
viven in Table 3. As is clearly seen in Fig. 4, it was found that each of these spectra 


Table 1. Wavelengths (in A) and molar extinction coefficients 
of ultra-violet absorption maxima for methyl, s-butyl, 
isobutvl, t-butyl and eyelohexy! bromides in n-heptane 


2020 


Methyl bromide 
[sobutvl bromide 


s-Butyl bromick 2065 199 
t-Butyl bromide 2150 280) 
Cyelohexy! bromide 2065 300 


Table 2. Wavelengths (in my) and molar extinction coefficients of ultra-violet absorption 
maxima for methylene bromide and bromoform 


CH,Br, CHBr, 
First Second First Second 


Vapor 219 196 203 229 

n-Heptane 220 L100 205 «2140 2130 
Methanol 218 1140 221 2190 
Ether 218 1170 221 2560 


Table 3. Wavelengths (in A) and molar extinction coefficients of ultra-violet 
absorption maxima for various alkyl iodides and hydrogen iodide 


Methyl! Ethy! n-Propyl [sopropy! n-Buty! Isobut yl 
iodide iodide iodide iodide iodide iodide 
é A é A é A é é 


\ apor 2576 2582 2568 2609 2567 2553 

n Heptane 2575 378 2582 444 2576 481 2625 531 2572 486 2556 498 
. Ether 2547 379 2568 458 2556 490 2611 559 2556 512 | 2536 509 
2 Methanol 2540 «381 2550 463 2541 497 2594 566 2541 508 2529 520 
ke Chloroform 2541 382 2550 512 2544 543 2600 629 2544 555 2529 561 
m Water 2509 2505 2558 2500 


s-Butyl t-Butyl n-Amyl Cyclohexy! Cetyl Hydrogen 
podick iodide iodide iodide iodide iodide 


\ apor 2504 2674 2565 
i n-Heptane 2606 544 2688 575 257 520 2597 674 2569 488 2310 4% 
7 Ether 2504 555 2677 570 2556 522 2582 700 2553 505 
: Methanol 2585 582 2671 605 2541 518 2577 736 2541 
Chloroform 2585 640 2668 670 2546 570 2571 800 2541 S585 
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600 


Methy! iodide 


Etny! iodide 


| 
n- iodide | 


|i-Propy! 
| iodide 


In 
ly 
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n-Buty! iodide 


~Buty! iodide 


~ 


mya 


Cyclohexy! iodide 


280 
4 


Ultra-violet absorption spectra of alkyl iodides in solution: 


in n-heptane; 
in methanol; - in ether; 


in chloroform. 
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consists of a rather weak band almost completely symmetric in shape, and a strong 
shorter wavelength band at 1940 A. The absorption spectrum of hydrogen iodide in 
n-heptane which is shown in Fig. 5, has a hump at 225 my, so that a single band 


| 


Fig. 6. Ultra-violet absorption spectra of methylene iodide in several solvents: in 
n-heptane; in methanol; --++ in ether; —.—.— in chloroform; —--—--— in benzene. 


indicated with a broken line may be resolved from it, the spectrum data being in- 
cluded in Table 3. It was observed that this spectrum changes with time, perhaps 
owing to the photochemical decomposition of the material, but did not seriously alter 
during the two successive measurements. Methylene iodide and iodoform in various 
solvents show more complicated spectra, as shown in Figs. 6 and 7, respectively. 
Their positional and intensity data are listed in Tables 4 and 5. 
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4000 


Fig. 7. Ultra-violet absorption spectra of iodoform in several solvents: - in n-heptane; 
in methanol; ---- in ether; —-—-— in chloroform; —--—--— in benzene. 


Table 4. Wavelengths (in my) and molar extinction coefficients of ultra-violet 
absorption maxima for methylene iodide in various solvents 


First maximum Second maximum Third maximum 


é A 


600 290 1300 
Ether 650 290 1320 
Methanol! 630 290 1310 
CCl, 290 1340 
CHCI, y 650 290 1340 
Benzene 290 1450 
Water 620 285 1310 


n-Heptane 


Table 5. Wavelengths (in my) and molar extinction coefficients of 
ultra-violet absorption maxima for iodoform in various solvents 


First maximum Second maximum Third maximum 


n-Heptane 1300 1860 349 2170 
Methanol 1410 1740 336 2050 
Ether 1470 1820 341 2130 
CCl, 27: 1360 1930 348 2230 
CHCl, 27: 1310 1860 347 3150 
CH,Cl, y 1380 1890 346 2180 
Benzene j 2940 3370 347 2550 
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For the longest wavelength bands of the hydrogen iodide, the alkyl iodides, and 
the alkyl bromides, we obtained their oscillator strengths with the aid of the following 
usual formula: 


fo = 4:32 x 10° %fedy (1) 


where / is the oscillator strength, ¢ the molar extinction coefficient and v the wave- 
number in cm~!. Experimental oscillator strengths thus obtained are given in the 
last column of Table 6. 


Table 6. Comparison of the calculated and experimental oscillator 
strengths for alkyl] iodides, alkyl bromides and hydrogen iodide 


n > o* Transition 
MO MO 
(polar) (nonpolar) 


Rydberg 


Experimental 
transition 


Methy! iodide 0-0353 0-0264 0-O105 “86 0-0087 
Ethyl! iodide 0-0340 0-0263 0-O104 86 0-O102 
n-Propyl iodide 0-0344 0-0264 0-0104 Sti O-OLLO 
Isopropyl iodide 0-0334 0-0259 0-0103 0-0122 
n-Buty! iodide 0-0342 0-0264 00-0105 
lsobutyl iodide 0-0344 0-0266 O-O106 86 O-OLL4 
s-Butyl iodide 0-0340 0-0260 0-0104 O-O125 
t-Butyl iodide 0-0330 0-0253 0-0101 85 0-O132 
n-Amyl iodide 0-0340 0-0264 O-O1L05 
Cyclohexyl iodide 0-0341 0-0262 0-O104 “86 0-0146 
Cetvyl iodide 00-0339 0-0264 O-OLO5 . OOLLS 
Hvdrogen iodide 00-0419 0-0223 


Methyl bromide 0-0308 0-0422 00-0262 . O-O1L06 
s-Butyl bromide 0-03.10 0-0412 0-0247 0-0081 
t-Buty] bromide 0-0300 0-0396 0-0237 00-0102 
Cyclohexy! bromide 0-0312 00-0412 0-0247 . O-OLLO 


Theoretical calculation of oscillator strengths 


In order to ascertain the origin of the longest wavelength absorption bands of 


alkyl bromides and iodides, it was undertaken to evaluate the oscillator strengths for 


two possible transitions, one of which is the first Rydberg transition and the other of 


which is the n —> o* transition. The first transition of a Rydberg series is such that 
one of the lone pair electrons belonging to the npz-orbitals of the halogen atom is 
excited to the next higher s-orbital, these two orbitals being nearly pure atomic 
orbitals. Therefore, the calculation of oscillator strength for this transition may be 


made just as in the case of the halogen atom. On the other hand, the calculation of 


n —» o* transition was made on the basis of electron configurations for normal and 


excited states, which may be expressed either in terms of atomic orbitals (AO’s) or of 


molecular orbitals (LCAO MO’s). The present theoretical treatment for the n —- o* 
transition, which was carried out according to the two different approximations, is 
essentially the same as those of MULLIKEN [8], but MO’s used here involve the polarity 
of the carbon-halogen bond in the alkyl halide molecules. 
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The ground state, V, and the first excited state called Q by MuULLIKEN of the 
alkyl halide have the following electron configurations in AO approximation 
N: ogox7x', 'A, and Q: 
and in MO approximation 
N: and Q: 


where inner shell electrons are omitted. The AO’s ox and zx are respectively npo 
and npz orbitals of the halogen atom. The 7 MO’s in equation (3) are nearly pure 
np7 AO’s in (2). The simplest good AO for the o,’s is probably the tetrahedral bond 
orbital to,. of SLATER and Pau Lina, which is 


= pltac) = + (4) 


In (3), o is a bonding, and o* the corresponding antibonding orbital resulting from o, 
and npox of the separated atoms (C + X). The o and o* in MO approximation may 
be expressed by 


g(a) = N{g(toc) + ag(npox)} 
q(a*) = N*{ag(toc) — ¢(npox)} 
where \ and \V* are normalizing factors and « > 1. It is clear that « in (5) and (6) 
represents the polarity of the orbital, and is consequently related to the dipole 
moment of the molecule under consideration. 
The oscillator strength of an electron transition is generally defined by 


2-04 « 10 dy (7) 


which corresponds to equation (1). Here, ¥ is the wavenumber of the absorption 
peak in em~' units, @’ the orbital degeneracy of the upper state, and Q is given by 


: (> dr (8) 


in Angstrom units. In the case of alkyl halides, G’ = 2, because the zx orbital of 
equations (2) and (3) is doubly degenerate. For the first Rydberg transition. 


2! + 1)sx}dr (9) 
For the » —> o* transition, in the AO and MO approximations, 


@(AO) {2(1 *Sic 
and 
where 
= and Q,,. = 


L 
17 
96 ] 
(10) 
(11) 
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We can evaluate the x values given in equation (5) from observed dipole moments, 
wu, [10], with the aid of the following relation [11] 


{a2 R) = r 2 1) (12) 


where FP denotes a carbon—halogen distance under consideration, 


= and Q,, = dr 


In equation (12), it is assumed that observed dipole moments are due only to the two 
bonding electrons and that the polarization of nonbonding electrons are negligibly 
small. In Table 7 are listed experimental dipole moments for a series of the alky] 
halides and the corresponding «-values deduced from the moments with the aid of 
relation (12). 


Table 7. Values of « in the MO yw, 
from observed dipole moments using equation (12) 


calculated 


(D) (D) 
Methy! iodide 1-56 1-17 Isobuty! iodide 1-92 1-21 
Ethy!] iodide 1-89 1-21 s-Butyl iodide 2-10 1-23 
n-Propy! iodide 2-08 1-23 t-Butyl iodide 2-20 1-25 
Isopropy! iodide 1-92 1-21 n-Amy!l iodide 1-81 1-21 
n-Buty! iodide 1-93 1-2 Cyclohexy! iodide 1-98 1-22 
Cetyl iodide 1-81 1-20 
Methyl! bromide 1-82 1-22 t-Butyl bromide 2-21 1-27 
s-Butyl bromide 2-12 1-26 Cyclohexy! bromide 2-30 1-28 


All necessary integrals are evaluated by using the Slater-type functions for AO’s 
[12], their radial parts being 


R,(r) = exp (—ur/ay) (13) 


where the above symbols have their usual meaning. In the present work, the follow- 
ing values were used: 4 = 0 for 2s, 2pa, 4po and 4pz, and 6 = | for 5s, 5po, 5px 
and 6s; uw, = 1-63, wy = 2-05, ws = 1-90 and vw, = 1-52; r(C—Br) = 1-95 A and 
r(C—I) = 2:12 A. One- and two-centre integrals were calculated as usually done 
[13]. Components of the two-centre integrals were obtained from the table of 
Kotani et al. [14] MULLIKEN [8] suggested that alkyl halides except for fluorides 
have such small polarity that the f-values calculated with the nonpolar approximation 
should not be so much in error. Therefore, in the present study they were also 
calculated with the nonpolar approximation which means « = 1. Only for hydrogen 
iodide we derived the f-value from the values of S and Q given by MULLIKEN [8]. 


10) L. G. Wesson, Table of Electric Dipole Moments. The Technology Press, Massachusetts Institute of 
Technology (1948); A. Aupsiey and T. R. Goss, J. Chem. Soc. 358 (1942). 

11] C. A. Coutson, Valence p. 103. Oxford University Press, London (1952). 

12| J. C. Statver, Phys. Revs. 36, 57 (1930); C. Zener, Ibid. 36, 51 (1930). 

{13} R. 8S. C. A. Rrexe, D. Orntorr and H. Ortorr, J. Chem. Phys. 17, 1248 (1949). 

14) M. Kotani, A. Amemiya, E. Isniguro and T. Kiuura, Table of Molecular Integrals. Maruzen, 

Tokvo (1955). 
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All the above S- and Q-type integrals newly evaluated in the present study are 
listed in Table 8. In Table 6 are given the theoretical f values thus obtained for the 
n —» o* and Rydberg transitions, the corresponding experimental values being also 
included for the purpose of comparison. 


Discussion 
The n —» o* absorption bands of alkyl halides 


It is of interest to note that as illustrated in Fig. 4 the long wavelength absorption 
for a series of the alkyl iodides under investigation consists almost completely of a 
single band, which is naturally isolated from shorter wavelength absorption bands. 
This makes it possible to carry out the reliable measurement for absolute intensities. 


Table 8. Calculated overlap integrals and transition moments 


Sy0 Soo’ Sic 7 Von’ Q in’ Q Von’ Qs’ 
(—Br bond 0-390 0-345 0-494 0-104 0-121 0-157 0-156 0-022 0-097 0-219 
C—I bond 0-308 0-296 0-410 0-100 0-102 0-138 0-151 0-025 0-097 0-723 


Inspection of the results given in Table 6 reveals to us that the calculated f-values of 
the n — o* transition are of comparable magnitude with the experimental values and 
that those of the first Rydberg transition are far greater. This indicates decisively 
that the longest wavelength absorption bands at about 2600 A of the alkyl iodides 
are due to the n —> o* transitions+. From the comparison of theoretical and experi- 
mental f-values, a similar conclusion can also be deduced for the alkyl bromide bands 


at about 200 my, although the intensity measurements for these compounds are less 
accurate than for the alkyl iodides. Since these facts have already been suggested in 
the earlier work by MULLIKEN [8], the above conclusion would not, of course, be 
fresh, but we would like to emphasize that in the present work the more extensive 
and reliable experimental f-values were obtained and consequently the assignment 
became conclusive. 


It was found that the spectrum of hydrogen iodide in n-heptane (Fig. 5) has a 
hump at 225 my (see Fig. 5 and Table 3). This absorption band with the molar 
extinction coefficient of 444 has not been found in earlier works. For example, 
GoopEVE and TayLor [15] observed a continuous absorption starting at 364 muy. 
It is known [16] that the iodide ion shows two absorption peaks at 225 and 195 mu. 
However, the absorption intensities of these two bands are almost equal to each other 
while in the absorption spectrum obtained in the present study the shorter wave- 
length band is overwhelmingly stronger than the longer wavelength one. Moreover, 


+ There are two types of transitions from the normal state: namely, N —*Q and N -+'Q. The 
transition to 'Q is allowed and apparently observed. On the other hand, the transition to *Q would be 
relatively unimportant and may probably be neglected here, since the probability of this transition is 
presumably of the order of 10~* of that for the other transition because of a change in multiplicity of the 
term. 

[15] C. F, Goopeve and A. W. C. Tayior, Proc. Roy. Soc. (London) 154, 181 (1936). 
[16] R. PrarzmMan and J. Franck, L. Farkas Memorial Volume. Special Publication No. 1. Research 
Council of Israel, Jerusalem (1952). 
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vreat caution was taken to remove the moisture from the solution in the present 
work. Then it may safely be said that the 231 my band properly belongs to hydrogen 
iodide. The fact that the 231 mya band decreases its intensity with the decomposition 
of hydrogen iodide supports the present authors’ view that the band is not due to the 
iodide ion but due to hydrogen iodide. In view of the fairly good agreement between 
the observed and calculated f-values, the 231 my band of hydrogen iodide may 
tentatively be assigned to the n —> o* transition, as in the case of the 260 mu band 


of alkyl iodide. 

It is shown in Table 6 that the experimental f-values for all of the alkyl iodides 
except for methyl iodide fall between the LCAO MO and AO calculated values for 
the n —» o* transition. Although the LCAO values calculated with the nonpolar 
approximation are rather closer to the experimental values than those w ith the polar 
approximation are, it was indicated that the AO approximation is the better, just as 
pointed out in the earlier works of MuLLIkEN. The agreement of the AO calculated 
values with the experimental is also good for the alkyl bromides and hydrogen iodide. 

The z-values used in the polar approximation do not differ greatly from unity 
(Table 7), but it was seen that the z-values are considerably sensitive to the resulting 
f-values. In the present work the introduction of «’s into oscillator-strength caleu- 
lations did not improve the quantitative agreement between the experimental and 
theoretical f-values, but rather led to unsatisfactory results from the quantitative 
point of view. However, it seems likely that equation (11) containing non-zero 2- 
values gives reasonably a qualitative explanation to the change in the experimental 
f-values for the various alkyl iodides, namely, the explanation that the increase of 
bond polarity increases the resulting transition moment. 

Porret and Goopeve [17] showed that the spectrum around 2600 A of methy! 
iodide in the vapour state consists of two mutually overlapping bands, but such a 
spectrum as suggests the presence ef two bands can neither be observed in the 
vapour phase nor in the solution phase. MULLIKEN [8] stated that the experimental! 
f-values for hydrogen and methyl iodide are abnormally small compared with those 
of other hydrogen and methyl! halides, and explained this anomaly in terms of ¢ 
effects. In the present work, however, no anomaly was observed for these compounds. 
Then, if we employ the reliable experimental data, it looks unnecessary to consider 
the special effect on the f-values of these two iodides. 


The strong absorption band at 1940 A 


Each of the alkyli odides has a strong absorption band with its maximum at 1940 A, 
which must be regarded as due to an electronic transition different from the n —> o* 
transition. We measured accurately the absolute intensity of the band of ethyl 
iodide in n-heptane solution. To detect completely the narrow band, the spectrum 
was scanned very slowly at a speed of } Alsec (Fig. 8). The f-value of this band was 
found to be 0-4, while the calculated value for the first Rydberg transition is 0-88. 
Although the former is about a half of the latter, discrepancies of this magnitude 
are usually found between the theoretical and experimental f-values. Hence, this 
band may tentatively be assigned to the first Rydberg transition. 


D. Porret and C. F. Gooveve, Proc. Roy. Soc. (London) A 165, 31 (1938). 
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Solvent effects 

It was observed that the n —- o* bands of all the compounds under investigation 
shift toward shorter wavelengths as solvents change from nonpolar to polar. For 
example, the band maximum of methyl iodide appears at 2505 A in water, at 2524 A 
in methylene chloride, at 2535 A in methanol, at 2541 A in chloroform, at 2548 A in 
ether, and at 2576 A in n-heptane. A similar blue shift phenomenon was also found 
for all the other alkyl iodides; the x —- o* bands of these compounds shift in general 
toward shorter wavelengths and increase their intensities with increasing refractive 


em" 


Fig. 8. The first Rydberg band of ethyl iodide in n-heptane. 


indices of solvents. It is of interest to note that the blue shifts of the n — o* bands 
in aqueous solutions are extraordinarily great and amount to about 80 A. This 
notable blue shift may be partly due to the hydrogen bonding. The blue shifts for the 
methanol solutions were about 30 A, comparable to those for the chloroform solutions. 
No simple analytic relations were found between the observed band shifts and the 


refractive indices of solvents. 


Effect of substituents 

As shown in Table 3, one of the outstanding regularities in the longest wavelength 
bands of a series of the alkyl iodides is the tendency of red shift caused by the alky! 
substitution. For instance, the replacement of the methyl group by n-butyl, iso- 
butyl, s-butyl and t-butyl groups moves the longest wavelength band, for example 
in n-heptane, from 2576 A to 2562, 2556. 2606 and 2688 A. respectively. Every 
successive alkyl substitution on the carbon atom attached to the halogen atom brings 
about the shift of the band to lower frequencies. 
Cark and SricKeLen [18] have observed the same effect with the N —- R 


[18] EK. P. Carr and H. J. Chem. Phys. 4, 760 (1936) 
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transitions of ethylene and its homologues. As the bands move to lower frequencies 
with the introduction of substituent groups, the ionization limit decreases. Prick 
and his co-workers [19] attributed the reduction of ionization limit largely to a purely 
inductive electron transfer toward the iodine atom caused by the presence of the 
substituent alkyl group which is less electronegative than the hydrogen atom. 

From the same point of view, it is possible to determine an order of electronega- 
tivity for various alkyl substituents on the basis of the shift of the longest wavelength 
absorption band. Since the orbital energy of lone pair electrons may be affected by 
the density distribution of bonding electrons of the carbon-—iodine bond, it follows 
that any charge induced in the latter should cause a corresponding change in the 
ionization potential of the lone pair electrons. Thus, if an alkyl group is replaced by 
another substituent with lower electronegativity, an electron transfer due to an 
inductive effect will increase the electron density around the iodine atom, and there- 
fore the lone pair electron orbital will presumably be higher. Further let us assume 
that the excited states of these bands remain unaltered by replacement of the sub- 
stituent group. Then it is possible to establish an order of electronegativity for the 
substituent groups from the measurement of the maximum positions of the n —- o* 
bands, just as from measurements of the first ionization potentials. As is clear from 
Table 3, it was observed in the present measurement that the order of decreasing 
wave numbers of the » —+ o* bands for the alkyl groups is as follows: 


isobutyl > cetyl > methyl > ethyl, n-propyl, n-butyl, 
n-amyl > evelohexyl > s-butyl > isopropyl > t-butyl. (14) 


According to the above consideration, this order may be expected to coincide with 
the decreasing order in the electronegativities of various alkyl groups. 

Wats [20] has listed the substituent groups of various alkyl chlorides in the 
order of decreasing first ionization potentials of the lone pair electrons; that is to say, 
presumably in the order of decreasing electronegativities of alkyl groups as follows: 
For chlorides, 

methyl > ethyl > isopropyl > t-butyl (15) 


Similarly, we may give the following orders from already reported ionization poten- 
tials [21]; for bromides, 
methyl > ethyl > n-propyl > isobutyl > s-butyl > n-butyl > isopropyl (16) 


and for iodides, 
methyl > ethyl > n-propy! > n-butyl (17) 


The orders shown by equations (15)-(17) are in fairly good accordance with the order 
in equation (14) deduced from the n —+ o* absorption spectra, although the isobutyl 
group is certainly an exceptional case. 


(19) W.C. Price and W. T. Turre, Proc. Roy. Soc. (London) A 174, 207 (1940); W. C. Price and A. D. 
Watsu, Ibid. A 174, 220 (1940). 

{20} A. D. Wausun, Trans. Faraday Soc. 41, 35 (1945); 48, 60, 158 (1947). 

21) K. Watanase, J. Chem. Phys. 26, 542 (1957). 
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The spectra of methylene iodide and iodoform 

As is seen in Fig. 6, the spectrum of methylene iodide in n-heptane solution has 
apparently three peaks, the longest wavelength broad band at about 300 my pre- 
sumably consisting of two mutually overlapping bands. Assuming that each of these 
absorption bands is symmetric in shape, the spectrum may be resolved to give four 
hands as shown in Fig. 9 where the resolved bands are indicated by dotted lines. 
Consequently, the four absorption bands are known to be located at 2140, 2595, 2755 
and 3115 A. These four absorption bands may successfully be interpreted on a 
theoretical basis described below. 


~~ 40,000 
em 


Fig. 9. Resolution of the ethylene iodide spectrum observed with the n-heptane solution. 


In the methylene iodide molecule there exist two iodine atoms having four non- 
bonding electrons in each atom. Degeneracy of the nonbonding electron orbitals of 
the two iodine atoms and of the antibonding orbitals of the two carbon—iodine 
bonds may conceivably be removed by mutual interaction between the two iodine 
atoms. According to the molecular symmetry of C,,, the interaction leads to the 
splitting of each of the above two kinds of orbitals into two orbitals with A,- and 
B,-symmetries. Hence, the split nonbonding electron orbitals can be represented 


as follows: 
y(A,) = 2 T 


y(B,) 2 — (18) 


where gy, = 2~-'*{(S5pm), + i(S5p7’),}, j(= 1 and 2) numbering the iodine atoms. On 
the other hand, there arise two split orbitals from the interaction between the degen- 
erate antibonding orbitals o,* and o,*. They are shown as follows: 


y(A,*) 2 1/2(g,* 


B,*) 9-1 2(a,* 
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Combining these upper and lower orbitals expressed by equations (18) and (19), the 
selection rule permits the following four possible transitions, namely, y(4,) — 
y(A,*). p( Ay) y( B,*). — y(A,*) and y(B,) — y(B,*). It is very interesting 
to note that the number of possible transitions theoretically predicted here is quite in 
accordance with that of observed absorption bands. In Table 9 are represented the 
results of the peak separations for the methylene iodide. 

The similar interpretation may be applied to the spectrum of iodoform. The 
iodoform spectrum has three clear peaks and a shelf at about 230 my which shows 


4000 
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Fig. 10. Resolution of the iodoform spectrum observed with the n-heptane solution. 


the existence of the fourth band. The spectrum was distinctly resolved into four 
absorption bands, as shown in Fig. 10, where the spectrum of the n-heptane solution 


and its resolved bands are illustrated. It was found that the four resolved peaks are 
located at 2325, 2740, 3060 and 3500 A. 

The iodoform molecule has the three iodine atoms, each of them involving two 
sets of lone pair electrons whose orbital energies are equal to one another. As in the 


case of methylene iodide, the mutual interaction of the nonbonding orbitals brings 
about the energy splitting of these orbitals. Since the iodoform molecule has the 
symmetry of C,,, the split orbitals become as follows: 

y(A,) = + G2 + Fs) 

= — — Fa) (20) 
where gy, = 2-'*{(Spz), + i(5pz’),}, j(= 1, 2 and 3) numbering the iodine atoms. 
The similar splitting of the orbitals happens to occur for the antibonding orbitals of 
the C—I bonds, too 


y(A,*) 
y(E*) j 20; (21) 
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Here, y(#) and y(#*) are doubly degenerate. As a result, four transitions are allowed 
by the selection rules: they are y(A,) y(A,*), y(2) — y(A,*), w(A,) > and 
y(L) — y(£*). The number of absorption bands observed is again in accordance 
with that predicted by theory. The results of peak separations for the iodoform are 
given in Table 10. The long wavelength absorption bands of methylene iodide and 
iodoform were thus confirmed to be due to the n —> o* transitions resulting from the 


Table 9. Positional data of the resolved bands of 
the long wavelength spectrum for methylene iodide 


v E AE 
(em!) (eV) (eV) 


46,700 5-79 0-82 
40,100 4-97 0-63 
35,000 4°34 
32,100 3-98 


Table 10. Positional data of the resolved bands 
of the long wavelength spectrum for iodoform 


Ak 
(A) (em~!) (eV) 


2325 43,000 5-3 O-S1 
2740 36,500 5! 0-47 
3060 32,650 0-51 
3500 28,550 


appropriate combination of upper and lower orbitals split by mutual interaction 
between the iodine atoms in these compounds. 
As seen from Tables 4 and 5, it was found that the long wavelength absorption 


spectra of these compounds show blue shift with increase of solvent polarity, just as 


the n —» o* bands of alkyl iodides do. In this point, any discrepancy was not found. 

Theoretical calculations of the frequencies of the n — o* transitions were not 
attempted in the present work. Further theoretical work in this field would be very 
desirable. Generally, a solution spectrum gives no information about the direction 
of a transition moment, while a crystal spectrum sometimes affords a useful know- 
ledge of polarization of electronic transitions. In order to get additional information 
about the assignment of the iodoform spectrum, it has been attempted to study 
the polarized crystal spectra of the molecule by means of a microspectrophotometric 
technique, and its detailed description will be given in the companion paper [22]. 


{22} K. Kimura, J. Tanaka and 8. Nacakura, Spectrochim. Acta 17, 184 (1961). 
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Abstract — The polarized visible and ultra-violet absorption of a single crystal of iodoform (CH1I,) 
has been measured by means of a microspectrophotometric technique. The results of the 
polarized absorption spectrum measured with the single crystal afforded additional informa- 
tion about the assignment of the n — o* absorption bands of iodoform whose solution spectrum 
was studied in detail in the companion paper. It was found that the 306 and 350 my bands 
appearing in the solution correspond to the 333 and 362 my bands in the crystal, respectively, 
and they are of the perpendicular-type transitions to the symmetry axis of the molecule. From 
the observed anisot ropy of the ery stal spectra in the wavelength region below 275 my, it was 
further inferred that the 233 and 274 my bands in the solution spectra are due to the parallel- 


type transitions to the symmetry axis. 


Introduction 
RECENTLY, crystal spectra of various unsaturated molecules involving conjugated 
double bonds have been studied extensively [1], while little spectral data have been 
published for saturated organic compounds in the crystalline state. Under this 


situation, in the present paper it was undertaken to study the crystal spectrum of 


iodoform for the purpose of getting information on the electronic states of the 
crystal. Hexter and CHEUNG [2] observed polarized infra-red spectra of the erys- 
talline iodoform, but their study was limited to the vibrational spectrum. 

In the companion paper [3], which was concerned with ultra-violet absorption 
spectra of various aliphatic bromides and iodides, it was indicated that the ultra- 
violet absorption spectrum of iodoform in n-heptane solution comprises of four bands, 
two of which are due to the parallel-type transition to the threefold symmetry axis 
of the molecule, and the other two of which are of perpendicular type. Since the data 
on the solution spectrum can provide no information about the polarization of the 
electronic transitions, a measurement of polarized crystal spectrum of the compounds, 
which may be expected to give useful information concerning the polarization proper- 
ties of the spectrum, will be of much interest in ascertaining the assignment made for 
the solution spectrum of iodoform. 


Iodoform crystal 

The crystal structure has been determined by means of X-ray analysis techniques 
[4]. It is hexagonal pyramidal with the unit cell dimension of a = 6 = 6-82 A and 
c 7-52 A. Fig. 1 shows projections of iodoform molecules, (a) on the (1100) plane, 


| J. Tanaka, Progr. Theoret. Phys. (Kyoto) Suppl. 12, 183 (1959). 
R. M. Hexter and H. Cueune, J. Chem. Phys. 24, 1186 (1956). 
K. Kimura and 8. NaGakura, Spectrochim. Acta 17, 166 (1961). 
A. I. Krraycoropsku, T. L. Knorzyanora and K. U. T. StrucuKov, Doklady Akad. Nauk S.S.S.R. 
78, 1161 (1951); I. Nevva, Sei. Papers Inst. Phys. Chem. Research (Tokyo) 4, 49 (1926). 


e 


184 


17 


196) 
4 
Be! 


Crystal spectrum of iodoform 


and (b) on the (0001) plane. The (0001) face develops well when the crystal is pre- 
pared by sublimation. As seen from Fig. |, the direction of the C—H bond, namely, 
of the threefold symmetry axis of the molecule, is parallel to the c-axis. Therefore, no 
dichroism can be observed by rotation of the crystal around the hexagonal axis. In 
order to observe an anisotropy of absorption with polarized light, it is necessary to 


Fig. 1. The crystal structure of iodoform: (a) projection on the (1100) plane; 
(b) projection on the (0001) plane. 


Fig. 2. Designations of the axis of the single crystal and the incident light. 


purposely incline the (0001) plane toward the direction of the incident light as shown 
in Fig. 2. The single crystal thus inclined is dichroic and looks pale yellow with 
polarized light perpendicular to the c-Z plane and diminishes the colour with 
polarized light parallel to the ce—Z plane [5]. The dichroism depends on the angle of 
inclination of the crystal plane. 
Experimental 

In the present spectrum measurements, we employed a single crystal developed 

slantwise on a quartz plate which was placed perpendicular to the incident light. 


[5] A. N. WoxcuHety, The Optical Properties of Organic Compounds p. 3. Academic Press, New York 
(1954). 
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The inclined crystal showed anisotropy of absorption in rotation of the crystal around 
the incident light under orthoscopic examination. The single crystal growth was 
accomplished by slow sublimation in a sample container which was placed on an air 
bath kept at a moderately high constant temperature. A quartz plate was put over 
a sample in the container. In order to develop crystals inclined to the quartz plate, 
it was effective to put the quartz plate slantwise over the sample in the container. 
The inclined crystal thus deposited on the quartz plate showed anisotropy, the ¢-Z 
plane and its perpendicular plane being easily distinguished under the orthoscopic 


Fig. 3. Absorption spectra of the iodoform single crystal. 


examination as well as the conoscopic observation. Here, axes were defined as shown 
in Fig. 2, where a Z-axis is perpendicular to the quartz plate and parallel to an 
incident light, the c-axis being normal to the crystal plane. The thickness of crystals 
used in the present spectroscopic measurements was found to be about 0-3-0-5 a4 from 
the observation of their interference colour. 

Since only small crystals in size were available, it was necessary to employ a 
microspectrophotometric method. Polarized absorption spectra (250-600 my) were 
measured by a Hitachi model EPU monochromator attached with an ultra-violet 
microscope containing a polarizer of Rochon-prism type. Details of the instrument 
and technique have been described elsewhere [6] by one of the present authors, To 
make sure of the experimental results, spectroscopic measurements were repeated 
several times, the suitable crystal being selected individually at each measurement. 


Results and discussion 
Fig. 3 shows the absorption spectra of a single crystal measured at room tempera- 
ture with polarized light. Spectra | and 2 in Fig. 3 were observed with the polarized 
light perpendicular to and parallel with the c-Z plane, respectively. Therefore, 
spectrum 2 involves the maximum component of the parallel-type absorption bands 


(6) J. Tawaxa, Nippon Kagaku Zasshi 79, 1373, 1379 (1958). (In Japanese.) 
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obtainable by rotation of the crystal about the incident light. Polarized spectra | and 
2 have two absorption maxima which locate at 333 and 362 my, and run down slowly 
towards. shorter wavelengths, the longest wavelength band extending far into 
the visible region. The two spectra are considerably similar in shape, but there is 
an interesting intensity change between them: spectrum | is stronger in intensity 
than spectrum 2 in the longer wavelength region at about 300 my, while the reverse 
intensity relation is shown in the shorter wavelength region, the two spectra crossing 
each other at 275 mu. This indicates that the two absorption maxima appearing in 
the longer wavelengths decrease and the absorptions in the shorter wavelengths 
increase with increasing angle of inclination of the single crystal. Although these rela- 
tions are not quantitative, they are certainly instructive and useful for qualitative 


interpretation of the iodoform spectrum. 
It is certain that spectrum | is due only to perpendicular-type transitions to the 
c-axis, while spectrum 2 is due to both the perpendicular-type and parallel-type 


transitions to the c-axis. Accordingly, the fact that the two absorption maxima at 
333 and 362 my are stronger in spectrum | clearly shows that these two bands are 
ascribed to the perpendicular-type transitions. On the other hand, the absorption in 
the wavelength region below 275 my whose intensity is stronger in spectrum 2 than 
in spectrum | may be due to the parallel-type transition. 

As shown in Fig. 10 of the companion paper [3], the ultra-violet absorption 
spectrum of iodoform in n-heptane solution was reasonably resolved into four 
individual bands. It has been shown that all the bands arise from » —> o* transitions 
and the absorption maxima of the resolved bands are located at 232-5, 274, 306 and 
350 mu. These n —> o* bands were interpreted in terms of an appropriate combina- 
tion of the two split orbitals arising from the antibonding orbitals of the C—I 
bonds and the two split non-bonding electron orbitals belonging to the iodine 
atoms. From the comparison of the polarized crystal spectra with the solution 
spectrum of the compound, it is naturally considered that the 333 and 362 my bands 
appearing in the crystal spectra correspond to the 306 and 350 my bands of the 
solution spectrum, respectively. Hence, on the basis of the foregoing discussion of 
the crystal spectra, the present authors concluded that the 306 and 350 my bands of 
the solution spectrum should be due to the perpendicular-type transitions y(A,) — 
y(E*) and y(E£) — y(A,*) and the two shorter wavelength bands appearing in the 
solution spectrum due to the parallel-type transitions y(A,) —> y(A,*) and y(E£) — 
y(E*). 

It is also of much interest that the perpendicular-type bands show noticeable red 
shift in the crystalline state compared with that in solution probably because of 
greater destabilization of the normal states due to intermolecular interactions in the 
crystal than that of the excited states. As seen from the comparison of Fig. 3 with 
Fig. 10 of the companion paper, the crystal spectra also revealed to us that the 
iodoform molecule in the crystalline state is considerably perturbed by a field arising 
from the neighbouring molecules. 

In conclusion, it should be emphasized that a combination of spectral analyses in 
the solution and crystalline states gave a powerful experimental support to the 
multistructure of the n —> o* transition for iodoform. 
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Abstract The infrared spectra of single crystals of K,Zn(CN),, K,Cd(CN), and K,Hg(CN), have 
been observed. Using Raman data of other authors along with this infrared data we have 
assigned all fundamental frequencies, except those of E-symmetry, for the isolated ions. Force 
constants were calculated using a diagonal symmetry valence force field. It is shown that in 
this case it is a reasonable approximation to neglect the off-diagonal symmetry valence force 
constant= Some details of the bonding in these complexes, as implied by the force constants, 
are discussed 

Introduction 
As a further step in understanding the details of bonding in metal-cyanide complexes 
the infrared spectra of K,Zn(CN),, K,Cd(CN), and K,Hg(CN), have been studied in 
the solid phase to supplement data in the literature on crystal structure [1], Raman 
spectra [2-4], and previous infrared spectra [5). 


Crystal structure and selection rules 


Dickinson [1] determined the crystal structure of these three salts and found 
them to be cubic, with space group 0,7 (F,,,,), having eight molecules per unit cell. 
The cell constants in Angstrom units are 12-84 (Cd), 12-76 (Hg) and 12-54 (Zn). The 
CN groups are arranged tetrahedrally about the metal atom. The M(CN),?> ions are 
situated on special positions of point group 7’, and, thus, the site group [6] is 
the same as the isolated ion point group. A correlation table is shown in Fig. | as a 
guide to the selection rules. 

From Fig. | it is seen that the selection rules for the spectrum of the ion in the 
crystal are the same as for the isolated ion with the exception that each vibration may 
possibly split into two symmetry sets of four components each due to lattice coupling, 
as there are eight molecules per unit cell. Since in this work such splitting is not 
observed in the spectrum, we are certainly justified in assigning frequencies under 
point group 7’, for the isolated M(CN),?> ion. 

Let us somewhat arbitrarily assign a distance of 2-08 A to the ZnC distance, 
which is the single bond distance tabulated by Paving [7]. If we now make the 


* This work was sponsored by the U.S. Atomic Energy Commission. 


R. G. Dicxryson, J. Am. Chem. Soc. 44, 774 (1922). 

L. Couture and J. P. Marurev, Ann. Phys. 3, 521 (1948). 

H. Pourer and J. P. Marurev, Compt. rend. 248, 2079 (1959). 

L. A. Woopwarp and H. F. Owen, J. Chem. Soc. 1055 (1959). 

A. Hrpareo and J. P. Marutev, Compt. rend. 249, 233 (1959). 

R. 8S. Hatrorp, J. Chem. Phys. 14, 8 (1946). 
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reasonable assumption that all distances but the metal-carbon distance are practi- 
cally the same in K,Zn(CN),, K,Cd(CN), and K,Hg(CN), we calculate that Ry. 

2-27 A and Rygo = 2-22 A. Thus we see that although cadmium lies between zinc 
and mercury in the periodic table, the CdC bond is the longest of the three MC bonds. 


ISOLATED ION & UNIT CELL 
SITE GROUP GROUP 
Td 


Fig. 1. Point group correlation table of K,Zn(CN),, K,Cd(CN), and K,Hg(CN), 
Labels of R and IR in parentheses stand for Raman active and infrared active, respectively 
Unlabeled representations are inactive. 


Raman frequencies 

The Raman frequencies for the solid potassium salts as reported in the literature 
|2, 3] are listed in Table 1. 

Woopwarp and Owen [4] also studied Hg(CN),?- in aqueous solution, finding 
two strongly polarized lines, », = 2148 em~! and », = 342 em~! (compare with 2148 
and 332 found by PouLtet and Marurev [3] for aqueous solution). 


Table 1. Raman frequencies for K,M(CN), 
from [2], [3] and [4] 


M Hg 


2149 (2148)* 
335 (337)* 
275 (280)* 
238 (235)* 
118 

86 
34 


* Values in parentheses are average values of those re- 
ported in aqueous solution for the Hg complex. 


The Raman shifts labeled », and », in Table 1 are observed to be strongly polarized 
for the Zn and Hg compounds, and so are identified as belonging to the symmetric 
CN and MC stretching vibrations, v, and »,, respectively. 
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Experimental 
The spectra were observed on a Perkin-Elmer model 112 spectrometer with LiF 
and CsBr prisms, and on a Perkin-Elmer model 21 with NaCl prism. For the 4000 


7 cm”! region, a Cary model 14 spectrometer was used. 

T T T 

250 2200 2250 2300 2400 2500 


| 


| 
K Zn (ON), ORYSTAL 
LiF PRISM 
— 298°K 


Fig. 2. Absorption spectrum of a single ery stal of K,Zn(CN), from 2050-2600 em 


K,Zn(CN), 


(a) MIN. OIL MULL 


(b) CRYSTAL, 
04mm THICK 


Fig. 3. Absorption spectrum of K,Zn(CN), from 300-650 em~?. 


K,M(CN), [M = Zn, Cd or Hg] was prepared by dissolving M(CN), in a stoichio- 
metric amount of aqueous KCN. Crystals were grown by slow evaporation from an 
aqueous solution. 

Fig. 2 shows the spectrum of a crystal of K,Zn(CN), from 2050-2600 em~ at 
room temperature and at liquid nitrogen temperature. 

Fig. 3 shows the spectrum of K,Zn(CN), in the CsBr region. 
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Table 


Assi miment 
M = Zn 


Vs 4282 (1-2) 
V's 

Vy 2687 (0-01) 
2609 (0-04) 
+ % 2518 (0-1) 
Vs Ve 2505 (O-4) 
"5 Vy 2488 (0-36) 
"s 2465 (0-20) 
2378 (0-02) 
L, 2286 (0-04) 
L, 2239 (0-02) 
Vs Ve 2223 (0-02) 
Vs L, 2206 (0-06) 
Vs Ly 2184 (0 O8) 
Vs 2151-5 (170)* 
l 


mono 


mono 13¢: 


2121-4 (0-67) 
2106-3 (2-1) 


Vs L, 2096 (0-16) 

Ve 2087 

Ly 2066 (0-04) 
2042 (0 06) 

on 1922 (0-02) 

1840 (0-08) 

"6 


683 (0-2) 
2r, 624 (0-5) 


Vs Vo 538 (0-8) 
"6 

458 (0-8) 
358-5 (29) 
Vo 315 (26) 


* These are absorption Coefficients for maxi 
absorption Coefficients are for a single crystal, 


As an aid in Visualizing the approximate 


110) L. Jones, J. Chem. Phys. 28, 1215 (1958), 


19] 


Vibrational “peetrum and structure of metal cyanide 


The measured frequencies and assignments 
em~! region is not shown as only one sharp pe 


Frequency (em 1) and 


18] P. C. Cross and B. L. ¢ RAWFORD, J. hem. } hys. 6 
(9) H, Murata and K, Kawat, J. Chem. Phys. 26, 1355 (1957), 


are reported in Table 2. 
ik is observed for each complex. The 
are similar to that of 


M Cd 


4267 | 
2640 (0-008) 
2583 (0-072) 
2533 (0-04) 


2465 (0-33) 
2394 (0-16) 
2338-5 (0-025 
2267 (0-06) 


2206 (0-04) 
2191 (0-05) 
2169 (0-07) 
2145-2 (110)* 
2121-5 (0-10) 
2114 (0-4) 
2099 (1-5) 


2055 


1951-3 (0-025) 
1895 (0-08) 


648 (0-2) 
629 (0-3) 


442 (1) 
505 (1) 


316 (30) 


mum of absorption of dilute 


Assignment of frequencies 


normal modes o 
present a schematic representation similar to that give 
for nickel carbonyl, except that the numbering of the 
somewhat to conform to the more recent rules [9, 10). 


» 525 (1938), 


Spectra for the Cd and Hg complexes are not shown as they 


Infrared frequencies and absorption Coefficients for solic 


Sample in a KCl 


complexes in the solid State _y 


The 4000 


1 K,M(CN), 


absorption coefficients (m-moles em~2) 


M Hg 


4268-5 ~1) 


(2476) 
2479 (0 55) 
2380 (0 33) 


2270 (0-09) 
2231 (0-02) 
2200 (0-07) 
2146 (200) * 
21 14 (0 2) 


2101 (1-3) 


2067 (0 01) 

2046 (0 Ol) 

2020 (0-005) 
1913 (0-02) 

I8I3 


625 (0-2) 


510 (0-8) 


330 (30) 


disk, Other 


f Vibration, in Fig. 4 we 
n by Cross 


and CRAwrorp [8] 


Vibrations has been changed 
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Ve,F2 Vo,Fi 


Fig. 4. Approximate vibrational modes of tetrahedral X(YZ), of point group T 


A re prese ntation 
The vibrations of A,-symmetry we designate as vy, (the symmetric CN stretching 
vibration) and y, (the symmetric MC stretching vibration). They are assigned from 
the Raman frequencies as given in Table | with the following changes. 
For Hg(CN),?~ in aqueous solution reference [4] gives rv, at 342 while reference [3 
4 1 2 
gives vy, at 332. Thus there remains this uncertainty of 10 em~'. Reference [3] gives 
335 for », in solid K,Hg(CN),. This agrees with our assignment of 2479 as », — r, 
2 2" 4 t 2 5 
(2146 + 335 = 2481). So we shall assign v, of solid K,Hg(CN), as 335 em~!. 
Similarly, in K,Zn(CN), the strong combination peak at 2488 is best assigned as 
v, + ¥. It places vy, at about 336, whereas reference [3] gives rv, at 347 for solid 
K.Zn(CN),. Again we take an average and assign yr, at 342 em~!. 
2 2 
For K,Cd(CN),, from Table 1, », = 327, whereas the combination band r, 


vields vy, 320. We shall average these and assign vy, at 324 cm~!. 


E-re prese ntation 


No fundamentals or combinations have been observed which give an indication 
of the frequency », (NCM bending) of E-symmetry. », (CMC bending) should lie 
below 100 em~! by analogy with other metal cyanides [11, 12] and with Ni(CO), [10]. 
In the solids are observed several low Raman frequencies (see Table 1). Those at 43, 
and 34 for Cd and Hg are too low and probably arise from a lattice vibration, which 


11] L. H. Jones, J. Chem. Phys. 29, 463 (1958). 
{12} H. and J. P. Marurev, Spectrochim, Acta 15, 932 (1959). 
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we call L,. From the discussion of force constants later in this paper it is seen that 


92, 87 and 86 for Zn, Cd and Hg, respectively, are too high for the CMC bending fre- 
quency. Thus, they are assigned as lattice frequencies, L,. Those at 125, 122 and 
118 are also too high and must arise from lattice frequencies, which we shall call L, 
(L, could be L, + L,). As seen in Table 2 there are combination bands at 2223, 2206 
and 2200 for the Zn, Cd and Hg complexes which suggest fundamentals at 71, 61 and 
54 cm~', respectively. These are about right for CMC bending frequencies and could 
be either (E-symmetry) or », (F,-symmetry). 


F’,-vibrations 


The intense absorption at 2152, 2145 and 2146 for the Zn, Cd and Hg compounds, 
respectively, can only arise from y,; (the asymmetric CN stretching vibration). There 
are no other intense absorptions until we come to 358-5, 316 and 330 for the Zn, Cd 
and Hg compounds, respectively. These must arise from v, which is a mixture of the 
F, MC stretching and NCM bending vibrations. 

v, (also a mixture of MC stretching and NCM bending) must give the fairly intense 
absorption at 315 em~' for K,Zn(CN),. For the Cd and Hg compounds there are 
combination and difference bands which call for fundamentals at 250 and 235 em~!, 
respectively. These latter two frequencies were observed in the infrared (at 245 and 
234 em~') by HrpaLeo and Marutev [5] and therefore must arise from F,,-vibrations. 
These frequencies were also observed in Raman spectra (see Table 1). Thus these 
latter frequencies we assign as r,. 

vg, the F, CMC bending vibration must be very low, by analogy with other metal 
cyanide spectra [11, 12] and metal carbonyl! spectra [10]. As discussed under E- 
vibrations, from combination frequencies there is evidence that either v, or v, (or both) 
lies at about 71, 61 and 54 cm”! for the Zn, Cd and Hg complexes, respectively. 


F’,-representation 

vy, the F, MCN bending mode, is the only vibration in this representation. There 
are summation and difference bands of v, with frequencies at 230 and 194 em~ in the 
Zn and Cd compounds respectively. These frequencies most likely arise from ,. 
For K,Hg(CN), analogous combinations do not appear. However, there is a weak 
band at 510 em~! which can best be explained as arising from », — vy, and thus places 
vy, at about 180 em~!. 

From the above discussion we assign the fundamentals as given in Table 3. 


Anharmonicity corrections 
From the observed summation and difference bands we see that most of the an- 
harmonic corrections are small. However, those involving two CN stretching co- 
ordinates appear to be fairly large, as is usually the case. We can write for an 
observed frequency [13] 
dv 
(ew, + — 


|13| G. Herzsere, Infrared and Raman Spectra p. 210. Van Nostrand, New York (1954). 
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Table 3. Fundamental! vibrational frequencies for K,Zn(CN),. K,Cd(CN), and K,Hg(CN), 


Designation K,Zn(CN), K,Cd(CN), K,Hg(CN), 


2157 2149 2149 
342 324 335 


This vields 


(")ons + ("s)ons V5 )obs 
and 2(¥s)ons — (2%s)ons —2X,, 

A fairly strong combination band is observed at 4282 em~! for K,Zn(CN),. Both 
2y, and vy, + », are infrared active. Lf we assign this band, and the analogous bands 
for Cd and Hg, to », — »; we calculate the anharmonic constant X,, -27 for all 
three tetracyanides (Zn, Cd, Hg). This value of X,, agrees well with the analogous 


X,, found for KAu(CN),, —24 em~! [14], and Hg(CN),, —21 em=! [15]. However, if 


we assign this band to 2y,, we find X,, — —11 for all three tetracyanides. Thus we 
do not have sufficient information for calculation of the anharmonic constants and 
we shall use the observed fundamental frequencies to calculate force constants. 
Since the anharmonic constants are the same for all three species this treatment should 
give a reliable comparison among the three tetracyanides (Zn, Cd, and Hg). 


Potential function and force constants 


The F- and G-matrix elements for tetrahedral X(YZ), in a general quadratic 
valence force field are given by Jones [16] and Murata and Kawat [9], respectively. 

We first attempt a solution neglecting all off-diagonal terms in the various 
symmetry blocks (a diagonal symmetry valence force field). For the F,-block this 
leads to some imaginary force constants for Zn(CN),?~-. In Table 4 we present the 
results of this calculation except that for the F,-block of the zine complex we give 
real force constants which reproduce the frequencies as nearly as possible. 


The results given in Table 4 lead to several interesting observations. 

(1) The F. force constants are not greatly different for the A, and the F, block. 
This indicates only small interaction among the CN bonds. 

(2) The F'y- foree constants are much lower for the F, vibration than for the A, 
vibration, indicating an appreciable positive value for the interaction constant 
mes: 
li4) L. H. Jones, J. Chem Phys. 27, 468 (1957) 


L115) L. H. Jones, J. Chem. Phys. 27, 665 (1957) 
116] L. H. Jones, J. Mol Spectrosc. §, 133 (1960). 
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Table 4. Diagonal symmetry force constants for K,Zn(CN),, Kf ‘'d(CN), and K,Hg(CN), 


Representation K,Zn(CN), K,Cd(CN), K,Hg(CN), 


A, Pas 17-161* 17-086 17-050 
1-654 1-773 


2149 2149 
2149 2149 


324 335 
324 335 


Vecalc 
Teale 
Vrobs 
Vac alc 


Vsohe 
Byes § 096 


230 
230 


Vocale 


Veobs 


* Stretching force constants are given in mdyn/A. 


+ Frequencies are given in em! 


t Bending force constants are given in mdyn A rad 


§ These values are assumed from Ni(CO), {10}, 


(3) The MCN bending constant is much smaller in the F, block than in the F, 
block, indicating significant interactions among the MCN bending co-ordinates. This 
is observed in other similar molecules, such as Cu(CN),?~ [11], and Ni(CO), [10]. 

(4) The CMC bending frequencies were calculated using a force constant of 0-23 
mdyn A rad~* as found for Ni(CO), [10]. The Raman frequencies observed at 92, 87 
and 86 cm~' for the crystalline Zn, Cd and Hg complexes, respectively, require a much 
higher force constant (greater than 0-4). This does not seem reasonable as the bond- 
ing is weaker, and MC distance longer, than in Ni(CO),. Therefore, we feel forced to 
take 0-23 as a maximum for the CMC bending force constant. The Raman shifts at 
92, 87 and 86 were not observed in aqueous solution. From the above argument it 
seems most likely that these frequencies arise from a lattice vibration, as do the 
Raman frequencies at 125, 122 and 118 em-~', respectively, for the Zn, Cd and Hg 
complexes. 


Vicale 2157t 
2157 
342 
F, Pox 17-28 17-18 17-1] 
Puc 1-12 1-16 1-45 
Puce 0-27} 0-155 0-13 
Pouc (0-23)8 (O-23)§ (0-23)8 
Vecalc 2152 2145-6 2146 
sobs 2152 2145 2146 
363 316 330 
359 316 330 
308 250 235 
315 250 235 
17 
96 64 60 
F; 
194 180 
194 180 
195 
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If it were justitied to neglect the off-diagonal symmetry force constants it would of 
course be possible to calculate some of the interaction constants from the results of 
Table 4. Otherwise we must have some relation among some of the interaction con- 
stants. In the following section with the aid of certain asumptions we shall derive 
such relations. 


Modified potential function 

First we note that the metal-carbon bonds are rather weak, suggesting no 
appreciable amount of metal-carbon pi-bonding. We then reason that a pi-electron 
interaction valence force field [16] will not adequately represent the situation. In the 
case of Ni(CO), [16] it was concluded that the Ni atom reduced its formal charge 


Fig. 5. Resonance structures for an M-—C -N group in tetrahedral K,M(CN),. 


toward zero by donating pi-electrons from its d-orbitals to the carbon atom p- 
orbitals. For the tetracyanides we are considering herein if we picture CN triple bonds 
and MC single bonds the metal will have a formal charge of —2. In the absence of 
dz(M)-px(C) bonding, the alternative means for removing this negative charge 
from the metal is to repel the MC electron pair so that it resides closer to the carbon 
atom than the metal atom on the average (giving the bond ionic character). 

In discussing the interactions among the internal co-ordinates it is convenient to 


approach it from the resonance point of view. That is, we consider structures of 
similar energy which contribute to the ‘“‘mean”’ structure of the moleucle. At a given 
phase of a vibration some of these structures will be favored more and others less. 


From a consideration of the changes to be expected we can hope to be able to relate 
some of the interaction constants. 

Let us picture the complex ions as made up of the resonance structures shown in 
Fig. 5. 

Stretch-stretch interactions. Uf we stretch N,C, we would expect structure III to 
be more important for MC,N,, thus giving increased ionic character to the MC, bond. 
It is not clear what effect this should have on the length of the MC, bond; however, 
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we can say that it will change it by —d (not specifying the sign of d). We shall resort 
to the analysis presented in a recent similar treatment [16] and make use of the 
approximate relation 

F F(S,), 


where F,, is a constant for interaction bteween valence force co-ordinates i and j; 

(S,), is the displacement of co-ordinate Q,; caused by unit displacement of co-ordinate 

(,; F, is the main force constant for co-ordinate Q,. From above, then, (S,. y), 


d and 


N 


F N,.€\M oy 


This displacement of C,M caused by unit displacement of C,N, will result in some 
displacement of C,M (also C,M and C,M), apparently of opposite sign to that of S,. y 
2 

because F'¢ y ¢.4 is observed to be positive. We shall assume that (Sewey 


+-qd/3 where q is a proportionality constant not greater than 1. Furthermore, this 


change in will cause a change in Qo and we say x, b. 
From the above considerations 


d M 
qd 
bF ex 


Now let us make NS. y 1. This will result in changes in the other bond lengths 


(Sew Fes 


Fes d Foy) Fes 


(S, F, F N qa F u/3 F N 


We now make the assumption that the effect Sy has on S,. x is the same for Soy 
1 and for A, s, 1. Or, in general terms 


(S,), (S,), 
(S,), 


(S, MoM C,N, 


(qd)? Fey /9b Fox 


We shall simplify somewhat by letting dF,y = D and bF,. B. Therefore our 
stretch-stretch interaction constants finally become 


D 
B 
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Bend-bend interactions. Comparing the F, and F, MCN bending force constants 
we see that there is indeed appreciable interaction among the MCN angles. We shall 
assume that this interaction arises from repulsion of the metal d-electrons by the 
carbon p-electrons. As shown in reference [16] this will lead to the following expres- 
sions for the svmmetry force constants 


F 5P/3 
P 


where P is a positive constant. 

As with Ni(CO), [16] we shall neglect x? interactions since they have little effect 
on the frequencies unless they are quite large. 

We do not have enough observed frequencies to worrry about x interactions. 
These will have negligible effect on other than r, and ¥,. 

Stretch-bend interactions. A small MC-£ interaction constant for Zn(CN),~? would 
bring the calculated and observed frequencies into exact agreement in Table 4. 


Table 5. Symmetry force constants for tetrahedral M(CN),?~ in modified force field 


+ = Fox + 3B 


196] 


q 3) 


However, the deviations are not great enough to make it necessary. There appears 
to be no reason for large stretch bend interactions so we shall neglect them. 

With the aid of reference [16] and the above discussion, the symmetry force con- 
stants are now given in Table 5. 

The results of Table 4 indicate that F,.,* is slightly greater than F,..*' and thus B 
is negative. From F,y*! and F,,** it is seen that ¢?D?/9B is positive and thus qD is 
imaginary. However, B is quite small and we can call it zero, expecially since we 
have used the observed frequencies uncorrected for anharmonicity. The rather large 
anharmonicity corrections could make B = 0 or even positive. Letting B ~ 0, in 
order that g°?D?/9B does not go to infinity we require that gD ~ 0. 

If ¢ — 0 it means that a small change in C,M does not effect C,M. This does not 


appear reasonable inasmuch as F, MGM is fairly large (from difference in F,.y** and 
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Table 6. Force constants for K,M(CN Ms 


Cd 


17-13 
1-28 


0-18 0-12 


Hy 


17-08 
53 


D*/9B 
0-225 
(0-23)* 
0-045 


0-139 
(0-23)* 
O-O16 


O-1L17 
(0-23)* 


* Maximum value. 


Fey'*). Therefore, we shall assume ) ~ 0, and B ~ 0. This simplifies the solution 
by removing the off-diagonal terms and we arrive at the values given in Table 6. 
These force constants give the calculated frequencies of Table 4 except that », and 
vy, differ by a few wavenumbers. 
lated values are given in Table 7. 


The E£-frequencies were not observed; the caleu- 


Table 7. Calculated FE frequencies for M(CN ),* 


M 


1 
Vy (em ) 


1 
vy (em ) 


Potential energy distribution 


It is of interest to calculate how much each internal symmetry co-ordinate con- 
tributes to the various normal vibrations. Thus, the potential energy for a given 
normal vibration, , of representation, y, can be expressed as 

f 


tJ 


where the (L,), and (L,), are the amplitudes [17] of the i and j internal symmetry 
co-ordinates during normal vibration k. Since we have called the off-diagonal 
The (V,,), 


symmetry force constants zero, there are no (V,,,),. are given in Table 8. 


Discussion of force constants 

The CN force constants are not significantly different for these three tetracyanides 
(Fey = 17-1 mdyn/A). However, they are quite a bit higher than that of Cu(CN),° 
[10] (16-2 mdyn A). This suggests that the CuC bond is more ionic than the other 
three MC bonds, as expected by the greater negative charge, making the double bond 
structure (ILI of Fig. 5) more important. 

The metal-—carbon force constants vary in a peculiar fashion. Zn and Cd are about 
the same but Hg is significantly higher. The fact that Fy,. is higher than Foye is in 
accord with the fact that the HgC distance is shorter than the CdC distance [1]. If 
= 2°08, Rue 2-22 and R, i 


2-27 


we assume Py, as discussed in the section on 


17] E. B. Witson, J 
(1955). 


C. Decius and P. C, Cross, Molecular Vibrations p. 172. MeGraw-Hill, New York 
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Table 8. Potential energy distribution among internal symmetry co-ordinates for normal 


vibrations of K,Zn(CN),, K,Cd(CN), and K,Hg(CN), 


Vow 


* An means (tn 


crystal structure, using BADGER’s rule, we calculate F,,, 1-26, 1-51 
and Fa. = 0-97. Comparing with Table 6 shows that for the Zn and Hg complexes, 
this agreement is remarkably good; for the Cd complex the agreement is poor, indi- 
cating that the constant d,, for Rey in BADGER’s relation should be about as large as 
that of Ry. The relatively high force constant for HgC may indicate less ionic 
character (a stronger covalent bond). In line with this, the MC,, MC, interaction is 
smaller for the HgC bonds than for the other MC bonds, as would be expected for a 
“purer” covalent single bond. 

The low values for F, for the Cd and Hg complexes are rather unexpected. This 
means it is much easier to bend the NCHg (or NCCd) bonds than to bend the NCZn 
bonds. This may also indicate more ionic character to the ZnC bond and thus more 
negative charge on the C atom making the px(C)-dz(M) repulsion greater and thus 
increasing F,. The larger interaction constant, P, for the Zn complex is also in accord 
with this argument. 

The normal co-ordinate problem could also be solved using a Urey—Bradley 
potential function. However, even for the Zn complex the C—C distance is about 
3-0 A (larger for the Cd and Hg compounds). From Paviine’s discussion [19] 
one would estimate the van der Waals distance of carbon at less than 3-2 A. Thus, 
the C atoms appear to be too far apart to exhibit appreciable repulsion for each 
other. Furthermore, the Urey—Bradley potential function does not account for the 
$-6 interaction which we find is significant. 


. Pacurne, Nature of the Chemical Bond pp 257-264. Cornell University Press, Ithaca, New York 
1945) 
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18} R. M. Bapncer, J. Chem. Phys. 3, 710 (1935). 
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Abstract—The infrared vibrational intensity of the v, fundamental mode of CH, has been meas- 
ured. Using this intensity and the intensity of the vy, fundamental as measured by Rur [1], we 
can calculate, except for the sign, the dipole moment derivatives with respect to the normal co- 
ordinates. The intensities of the bands of the deuterated molecules are calculated from the 
above-mentioned dipole derivatives in two ways, once assuming the derivatives have the same 
sign, and once assuming opposite signs. Only in the latter case do the observed and calculated 
values agree. 


Introduction 
THE intensities of the vy, band of methane and of the bands of the deuterated mole- 
cules have been measured by Rur [1]. The intensity of the vy, band of methane is 
measured to complete this study so that the sign of the dipole moment derivatives 
with respect to the normal co-ordinates in methane can be calculated. 

MILLs |2] has previously concluded from theoretical arguments that the 
choice is the correct one. However, the results of his treatment are not definitive 
and cannot be considered conclusive. More recently and Srrauey have 
computed the dipole moment derivatives from experimental data. They also find 
that the choice of signs is to be preferred, although this conclusion is not 
definitely established. In their calculations they use old values for the methane 
intensities |4, 5]. The values reported here are somewhat different and, it is hoped, 
should give better agreement. 

The relationship between the intensity and the square of the dipole moment 
derivatives is given by the well-known equation [6] 


d,7N,/ OP \? 


w, 


where I’, is defined by: 


| 
— | diny, 


J band 


where ” is the gas concentration, / is the path length, 7, is the incident intensity, / is 
the transmitted intensity, v, is the observed frequency, d, is the degeneracy asso- 
ciated with »,, @, is the harmonic frequency corresponding to v,, V, is Avagadro's 
number, ¢ is the velocity of light, P is the dipole moment, and Q, is the normal 
co-ordinate associated with v,. Since the dipole moment should not be affected by 


* Present address: Dept. of Chemistry, University of California, Berkeley 4, California. 
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isotopic substitution, and since the normal co-ordinates can be found as linear 
combinations of the internal co-ordinates by a normal co-ordinate analysis, the I, 
of the various molecules are not independent. The purpose of this paper is to 
compute the I’, of the deuterated methanes from the I’, of methane itself by 
assuming the dipole moment derivatives have both the same sign and the opposite 
sign. The computed values will be compared to the observed values and in this 
way the proper sign combination will be obtained. 


Experimental and results 


The methane », intensity was essentially obtained by the method of WriLson and 
We.ts [7], and Penner and WEBER [5], with a slight modification in the integra- 
tions which were performed according to equation (2). The detailed experimental 
procedure is given in [1] and will not be presented here as it will be published at a 
later date. The value obtained for [ was 2310 em?*/mole. 


Discussion 
The dipole moment vector can be written as: 
P=pi +p,ji+ p& (3) 


where p,, p, and p, are scalars, and i, j and k are unit vectors in Cartesian three- 
space. In terms of the molecular co-ordinates: 


(2?) sa, (4) 


all Q,; 


| (5) 


all R, 


where p,° is the value of the permanent dipole moment in the x-direction, and the R, 
are the internal co-ordinates, i.e. bonds and angles. Similar equations exist for p, 
and p.. Subtracting equation (5) from (4) and applying the rules of matrix algebra, 
we find that the ép,/dQ, can be transformed into the dp,/dR,; by the equation: 

pxk _ Zpxe (6) 


where P** is the column vector composed of all the dp,/dR,, P*% is the column 
vector composed of dp,/0Q,, and the matrix A is defined by the relation: 
@=AR (7) 


where @ is the column vector composed of the Q@,; and R is the column vector com- 
posed of the R,. The matrix A can be expressed in terms LU’ and LZ where U and L 
are matrices defined by: 


S UR= LQ (8) 
where S is the column vector of symmetry co-ordinates. Solution of equation (8) 


7) E. B. Wirson, Jr. and A. J. Weis, J. Chem. Phys. 14, 578 (1946). 
8) S. S. Penner and D. Weser, J. Chem. Phys. 19, 807 (1951). 
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gives A — LU. Substituting this value into equation (6) gives 
— UL 1 px@ 


P** is the same for two isotopically substituted molecules, then 


Since 


where the subscripts inform us to which molecules the matrix is associated. 
Likewise the corresponding expressions hold for p, and p.. Also for each normal 
co-ordinate of each molecule: 
a), 0), Ow), 


Thus if we know L, ', Ly, Uy. Uyy', and P?%, then all the (dP/dQ,)? and 
consequently all the I, of molecule II can be computed. We are interested in the 
case when molecule | is CH,, and molecule II is either CH,D, CD,H or CD,. 

The symmetry co-ordinates, and thus the U’-matrices, of the above-mentioned 
molecules are listed in Table 1. The ZL and L~ matrices used are those of Mrs [2]. 

From the symmetry of the CH, molecule, we conclude that its 0P/0Q, must lie 
along the angle bisectors. Since the angle bisectors are mutually perpendicular we 
choose them as the X-, Y- and Z-directions. Then 


apd 
Ol) »,, OW», 00) 5, 


oP _ _ 


 apk 
00) 00)», 00, 1 


The magnitudes of the 0P/0Q, are found from the [',. However, an ambiguity in 
sign remains. By suitably choosing the positive direction of x, y and z, we can force 
Op,/0Q,,, Op,/OQs, and dp,/dQ,, to be positive. Furthermore, because of the identical 
relationship between Q,, and Q,,, Qs, and Q,,, and Q,. and Q,., respectively, the 
ratios of dp,/0Q,, to Op,/0Q,,. Op,/OQs, to Ap,/0Q,,, and dp,/0Q,, to must 
all be equal. Consequently dp,/0Q,,. dp,/0Q,, and dp_/dQ,, must all have the same 
sign. The I’; for the deuterated methanes is calculated twice, once assuming that 

The calculated and observed I’, are listed in Table 2. Of the nine experimental 
values from the deuterated molecules, two are explained well with either sign com- 


this sign is positive (I°{,).) and once assuming that it is negative (T 


bination. In one case the — combination gives better agreement, and in six 
vases the — combination is to be preferred. 

The maximum discrepancy to be expected between the observed and calculated 
I, can be estimated from the following considerations. 


(1) The error in the [’, of CH, will contribute to the error of the calculated I. 
The estimated maximum error in these two I’, are 69 and 77 cm?/mole. Thus the 
maximum error contributed from this cause is 146 cm?/mole. 
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Table 1. Symmetry co-ordinates 


Svimetry 
class For CH, and CD, 


A 
E 


For CH,D and CD,H 


3 | Ar, Arg + Ars) 


E 


Where S, is a symmetry co-ordinate, r, is a bond length, «,, is the angle between r, and r, v is the 
equilibrium C— H bond distance, and in the case of CH,D and CD,H, r, represents the unique bond. 


(2) The L-matrix elements should be good to a few parts per thousand since the 
calculated frequencies are within this accuracy. The largest reasonable error one 
could assume caused by each L-matrix might be | per cent or 27 em?/mole. Since 
there are two L-matrices involved in each computation, the maximum error from 
this cause would be 54 cm?/mole. 

(3) The error in the observed value is, as previously stated, no greater than 
3 per cent. 
should be 


Consequently the largest discrepancy between I and [ 


200 0-03 


i(obs) ifeale) 


i(oba)* 


With the + — choice of signs the discrepancy between I’,,,,. and Ty...) never 
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AS, = + Arg + Ary + Arg 
r 
ASy Ar, Ar, Ars Ar,| 
AS,. = i{Ar, — Ar, + Ar, — Ar,) 
: 2 2 
a 
vs 
A AS, 
\ 
A AS, Aas — + — — 
A AS, = Ar, 17 
AS,, — Ar, — Arg] 196) 
\ 
k AS,, -(2A2,, 
yo 
AS» Ar, Ars] 
r 
aS 


Sign of the dipole moment derivatives in methane 


Table 2. 


Intensities in em?/mole 


3065) 
3156) 
2283 
1383) 
1507 
1197 


3128 
2186) 
2337! 
1035) 
LO61! 
1324 


2337 


1026 


r 


244) 
1549! 
603 


776 


263 )2329 


1290 


calc 


1793 


Error 4 


For CH, 


For CH,D 


Preferred 
sign 


Error 


237) 
i536) 
339 
862) 
262 


1295 


2439 


606 
70) 
650) 
1014! 
540 


1669 


1254 
2010 


* From [1}. 


exceeds 200 + 0-03 I';. The largest discrepancy is —261 em?/mole compared to an 
allowable +281 cm?*/mole. 

With the + + choice of signs, the observed discrepancy is larger than the maxi- 
mum permissible in five cases, the largest error being +779 cm?/mole compared to a 
permissible +226 cm?/mole. On the basis of these results, it is unambiguously 


concluded that the dipole moment derivatives in methane have opposite signs. 


Acknowledgements—The author wishes to extend his thanks to Professor Bryce CRAWFORD, JRk., 
Dr. SALVATORE CALIFANO, Dr. RicHarp Hot_mes and Mr. Econ Rvr for their invaluable help 
during the course of this investigation. Financial support from the Office of Ordnance Research, 
Department of the Army, through contract with the University of Minnesota is gratefully 


acknowledged. 


+4 24 
2310 69 
1358 2554 + 77 | 
1791 | 54 | +2 18 
269 334 70 
|__| 
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For CD,H 
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1450 44 31 219 : | 
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Abstract—The Urey Bradley force field has been used to calculate the vibrational force con- 
stants in NOF, NOC], NOBr, NO,F and NO,Cl. Refined force constants using harmonic 
frequencies of NOC] and NO, molecules containing isotopic nitrogen atoms have also been 
evaluated. The transfer of Urey—Bradley force constants from N,O, and NOX to NO,X yielded 
reasonably good results except for the N—F stretching mode in NO,F. For the nitry! fluoride a 
possible change in assignment is suggested from the present calculations. 


Introduction 
Ix A PREVIOUS paper [1] the Urey—Bradley potential field had been applied to 
NO,, NO,~ and N,O,, and the variation of the nitro group force constants among 
these species had been studied. We have now extended such calculations to NOF, 
NOC], NOBr, NO,F and NO,Cl. These nitrogen oxyhalides have either a nitroso 


group or a nitro group in common, and they form another interesting series of 


molecules on which the variation of force constants with structure has been studied 
here 

We have also determined refined sets of force constants for NO, and NOC! 
using harmonic frequencies of molecules containing the isotopic nitrogen atoms. 
These isotopic frequencies have been reported recently by ARAKAWA and NIELSEN 
(2) and by Lanpav and Fiercner [3]. Since there were enough experimental 
frequencies available for these two nitrogen oxides, it was possible to evaluate the 
linear repulsive force constants F4, and F(,-, instead of making the usual assump- 
tion that F’ F. 

Calculations were carried out using the standard G- and F-matrix method | 4}. 
Numerical constants were taken from the A./.P. Handbook |5), except in the case 
of refined calculations on NO, and NOC! in which case SHimanovcnt’s numerical 
values [6] were used. Calculations were performed on an electric desk calculator 


or on an IBM 650 digital computer. The program for the computer and for the 
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least-square fitting process of the force constants to the frequencies has been 
described before [1 |. The elements of the weight matrix W were taken as 1/y,,_ as 
in our earlier calculations on N,O,. 


Nitrosyl halides 

Fundamental vibrational frequencies and the structural parameters for the 
nitrosy! halides are given in Table |. The internal co-ordinates used in the caleula- 
tions are shown in Fig. }. 


Table 1. Fundamental frequencies and geometries of NOX 
{ 


NOCI+F 


NOBrt 


R(A) 1-52 1-95 2-14 
r(A) 1-13 1-14 1-15 
a(deg) 110-2 116 117 
v(NO) 1844-03 1799 1801 
v(NX) 765-85 592 542 
r(x) 581 332 265 


* Geometry from STEPHENSON and Jones [7] and frequencies 
from Wourz et al. [10] 

+ Geometry from Rogers et al. [8] and frequencies from 
Burns and Bernstern [11], 

+ Geometry from Kere.aar and PaLmMer [9] and frequencies 
from Burns and Bernsvern | 11]. 


Except for NOCI, the isotopic frequencies of the nitr sy l halides are not known. 
Since there are four independent potential constants even if F’ — 0-1 Ff is 
assumed, we are not able to determine a unique set of force constants for each of 
these molecules. We have therefore calculated several sets of constants by varying 
F over a reasonable range of values. From these sets. we have chosen those listed 


Fig. 1. Internal co-ordinates in NOX. 


in Table 2 as being the most reasonable. The choice was based on the refined 

calculation on NOC! described later and on the assumptions that Fo, > Foc 

F op, because of differences in the non-bonded atom distances and that Hoy > Hog, 
» Hoy,. The latter relationship holds in COX, molecules as shown by the results 

obtained recently by OverEND and ScHERER [12] 


\7] C. V. Srermenson and E. A. Jones, J. Chem. Phys. 20, 135 (1952). 
8| J. D. Rooers, W. J. Puerewror and D. WiLLIAMs, Phys. Revs. 88, 431 (1951). 
(9) J. A. Kereraar and K. J. Parmer, J. Am Chem. Soc. §9, 2629 (1937) 
(10) R. J. H. Wonrz, E. A. Jones and A. H. Nret SEN, J. Chem. Phys. 20, 378 (1952). 
|11) W. G. Burns and H. J. Bernsrer. J. Chem. Phys. 18, 1669 (1950), 
J. Overenp and J. R. Scuerer, J. Chem. Phys. 32, 1296 (1960). 
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Normal! co-ordinates calculated from the force constants of Table 2 for NOX 
molecules in terms of internal displacement co-ordinates are given below. 
NOF: Q(R) = 0-352 10 AR 0-0006 Ar 0-0009 rAx 
Vir) = 0-0753 AR + 0-380 Ar + O-O115 rAx 
0-148 lo" AR 0-184 10-" Ar + 0-310 
0-350 AR 00-0084 10-" Ar 0-00069 « 10-UrAg 
V(r) 0-O856 10" AR 0-389 10°" Ar 00-0414 10-" rAg 
= 0-174 AR + 0-324 Ar + 0-346 x rAx 
NOBr: Q(R) 0-349 AR 0-O104 10-4 Ar 0-0010 10-% rAg 
Vir) AR 0-404 10-™ Ar 0-0607 rAy 
(a) 0-201 10-4 AR + 0-428 x 10-" Ar + 0-373 10-4 


lable 2. Urey Bradley force constants in NOX (mdyn/A) 


NOF NOC! NOB: 


14-67 14-05 14-10 

2-44 1-961 

247 

* Scaling bond distance r{iNO VOL. 
17 
1906" 
Nitryl halides 196) 


The geometry of the planar NO,X molecule with C,, symmetry is shown in 
Fig. 2. The structural parameters and fundamental frequencies for the two nitry! 
halides are given in Table 3. 


Fig. 2. Internal co-ordinates in NO,X (planar (,,) 


In this set of calculations only the planar modes were considered. The sym- 
metry co-ordinates used for the factoring of the secular equations were as follows: 
A,;: S 2)-¥2 (Ar, + Ar,) 
r(2Ap — Ax, 
AR 
B,: S (2)-*/2 (Ar, — Ar,) 
= r(Aa, — Aa,) 


When F’ - 0-1 F is assumed, the number of unknown force constants for 
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the planar vibrational modes reduces to six. However, since isotopic frequencies 
are not available for these molecules, only five of these constants can be determined. 
In this work either AK, or F, was held fixed and the remaining constants were 
evaluated from the observed frequencies. These calculations were carried out on 
the IBM 650 computer using the least-square fitting process and manually 
changing the A, or F,, values over a reasonable range. 


r 


Table 3. Structure and fundamental frequencies 


of NO,CI and NO,F 


NO,Ft 
NO,F* | 

(cm *) (em *) 
r(A) 1-21 1293 1312 
R(A) 1-83 794 $22 
Bi(deg.) 129-5 29-: 411 


1685 
367 


651 


* CLAYTON et al. [13] 
* Ryasow and 14}. 
+ Dopp et al. [15] 


In NO,CI the initial set of force constants used was that transferred directly 
from NOCI and N,O, calculations. This set gave calculated frequencies which 
agreed moderately well with the observed values as shown in Table 4. This set 
was then adjusted manually in a manner suggested by the Jacobian matrix, and 


Table 4. Transferred force constants and calculated 
frequencies for nitryl chloride* 


Force constants 


1-95 
9-06 
0-179 
0-438 
2-31 
0-41 


* Force constants in mdyn/A and frequencies in em~'. 


the least-square correction process was carried out for different values of K,. The 
results of such calculations are given in Table 5. In this Table, Set IIT is the 


initial trial set. 
If we hold F, fixed and fit the remaining force constants to the observed 


[13] L. CLayron, Q. WriiiaMs and T. L. Wearner.y, J. Chem. Phys. 30, 1328 (1959). 
[14] R. Ryason and M. K. Witson, J. Chem. Phys. 22, 2000 (1954). 
15} R. E. Dopp, J. A. Roire and L. A. Woopwarp, Trans. Faraday Soc. §2, 145 (1956). 
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frequencies, then the results given in Table 6 are obtained for various values of F,. 
From this Table one notes that the best agreement in the frequencies is obtained 
with a set having the F, value in the range 1-40 mdyn/A to 1-60 mdyn/A. Set IV 
in Table 5 is just such a set of force constants, and we have therefore chosen it as 


Table 5. Least-square fitted NO,CI force constants for various K, values* 


Set K, K» F, F, H, H» 

I 2-065 220 0-962 0-437 0-640 53 

I! 1-858 298 1-134 0-392 0-651 0-09 
Ill 5 2-00 30 1-50 55 0-35 Initial trial 
IV 8-5 1-661 “382 1-531 345 0-558 0-0002 
Vv 10 1-466 461 1-776 300 0-533 0-02 

VI 30 1-291 0-540 2-006 0-256 0-508 3-80 
VII 8-20 1-388 0-600 1-569 0-223 0-729 821 


Force constants in mdyn \ Veale )2 and summed over P,. 


the best of Urey—Bradley force constants in nitryl chloride. The normal co-ordi- 
nates calculated with this set of force constants and expressed in terms of sym- 
metry co-ordinates defined earlier are given below. 


10 ns, O-OL7T5S 10 0-0283 «x 10-US 
288 x 10-1 S, + 0-158 10-4 S, + 0-122 x 10" 8, 
‘O817 S, — 0-187 > + 0-563 x 10'S, 
“286 10 us, 00-0218 » 


0-336 


3 


Force constants from NOF and N,O, have also been transferred directly to 
NO,F, and the calculated frequencies are compared to the observed ones in Table 
7. In this case the agreement is poor, especially in the N—F stretching frequency. 


Table 6. Least-square fitted NO,C1 force constants for various F, values* 


set F, K, K R ¢ H, 


Initial 8-60 1-80 0-60 

I 8-595 1-854 “3027 3896 0-6258 
I] 8-549 1-763 3416 367: 0-5750 
Ill 8-483 1-632 0-3945 337: 0-5418 
IV 1-469 0-4608 300: 0-5230 


* See fi rmotnote to Table 5. 


Following the same procedure used in NO,C! calculations, the set of transferred 
constants was adjusted manually in the directions suggested by the Jacobian 
matrix. The stretching constant A, was held fixed and the remaining constants 
were fitted to the observed frequencies. However, with thirteen different trial 
sets of constants which covered what we believed to be reasonable ranges, no 
convergence of the fitting process could be obtained. 
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The second method of holding F, fixed and allowing K, to vary proved to be 
successful, and the results of such calculations are given in Table 8 for F values 
from 1-12 to 1-90 mdyn/A. 

The most striking feature in Table 8 is the small values of the N—F bond 
stretching constant K,. These small values are not reasonable since the N—F 
bond distance in NO,F is 1-40 A compared to a value of 1-52 A in NOF, and the 
corresponding force constant in the latter molecule is estimated to be 2-44 mdyn/A 


Table 7. Transferred force con tants and calculated 


frequencies in nitryl! fluoride* 


Force constants 


Kp 
K, 


2-44 
9-06 
0-179 
0-458 
2-31 
1-20 


1370 
S78 
615 

1926 


626 


1312 
$22 
460 

1793 


570 


* Force c¢ 


(ef. Table 2). 


ment of the 460 cm~' infrared band to the N 


onstants in mdyn/A and frequencies in em}, 


The small K,, values obtained here are evidently due to the assign- 
R 


F stretching mode. This frequency 


may be compared to 766 cm~! assigned to the same bond stretching in NOF. 
In Table 8 the decreasing trend in A, from Set I and Set V suggests that a 


larger value of AK, might be obtained if F, is decreased. We have made such 
calculations starting with Set I and decreasing F,, to a value as small as 0-5 mdyn/A, 
In these calculations K,, did increase at first, but as F, was decreased further, K p 


Table 8. Least-square fitted NO,F force constants for various F, values* 


Set 


Initial 
I 

Il 

lV 


Fp K, 


0-20 

0-469 
0-498 
0-534 
O-5S87 
0-651 


Kp 


1-65 
1-116 
1-074 
1-002 
00-9082 


0-7965 


H, 


0-698 
0-638 
0-584 
0-543 
0-512 


H, =x; 
0-82 
0-645 
0-631 
0-607 


0-538 


* See footnote in Table 5. 


began to get small again. 
became unreasonably large. 
mdyn/A, another converged set of force constants was found. The variation of 


Furthermore, as F, 
However, in the range of F, less than about 1-0 


this converged set with F, is shown in Table 9. 

At first glance the force constants in Table 9 appear to be quite reasonable. 
Not only is Kp, large but K, is essentially that obtained in N,O,. However, a 
closer examination of these constants in relation to force constants obtained in 
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4 
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6-38 
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other molecules with the nitro group or with similar atoms shows that these sets 
are not very reasonable. First, the values of F, are too small, and larger values 
can be obtained only at the expense of having unreasonably small values of H/, as 
shown in this table. The second objection is in the large values of H, compared 
to that in other molecules. Finally, the repulsive constant between the oxygen 
and the fluorine atoms is too small. In NOF and in COF, [12] the corresponding 


force constants are, respectively, 1-20 and 1-58 mdyn/A. 


Table 9. Least-square fitted NO,F force constants for small values 
of F, (mdyn/A) 


Set F, Fr K, K p H, H, 


l 0-20 0-368 9-05 3-70 0-194 0-706 
Il 0-40 0-360 9-07 3-59 O-137 O-710 
Ill 0-70 0-369 9-06 3-43 0-058 0-705 


The difficulties found in obtaining a reasonable set of force constants in NO,F 
suggest that perhaps a different assignment of the observed spectra is possible. 
Examination of the Raman investigation reported by Dopp et al. [15] shows that 
other alternatives in the assignment of the N—F stretching mode are possible. 
For example, the assignment of y, and vy; may be interchanged. The following 


es 
VULe 


17 


argument may justify this change in assignment. The 466 em~! Raman line, which 
was reported to be of medium intensity and polarized, overlaps with the very 
intense Raman line at 555 em~ (ef. Fig. 2 in reference [15]). The latter line was 
reported to be probably depolarized. Since polarization measurements on very 


Table 10. NO,F force constants for various F, values with alternate assignment * 


Set F, Fp K, Kr H H, =x, 


I 1-50 0-50 1-80 0-50 0-40 6031 

II 1-20 O-S21 8-75 1-913 0-799 0-047 73 

Ill 1-30 0-783 S-S14 2-306 0-583 0-068 40 

lV 1-50 O-S45 8-720 2-005 0-618 0-023 8-4 

Vv 1-70 0-908 8-623 1-770 0-629 0-006 2 x 10-® 
VI 1-90 0-984 8-503 1-488 0-661 0-053 6 =x 10°? 
Vil 2-10 1-068 8-370 1-271 0-673 0-104 8 x 10-7 


* See footnote to Table 5. 
intense Raman lines are not easy, as we discovered in our work on N,O, [16], it is 
possible that the 555 em~ line may actually be polarized. If this were the case, 
then the 466 cm line may appear polarized even if it were not, because of the 


decrease in background intensity. 

If the assignment is interchanged as described above to vy, = 570 cm~ (infrared 
counterpart of the 555 cm~! Raman line) and », = 460 cm~, and the least-square 
fitting process carried out as before with F, kept fixed, the results shown in Table 
10 are obtained. Here the A, values appear more reasonable than those listed in 


16) I. C. Hisarsune and R. V. Frrzsimmons, Spectrochim. Acta 15, 206 (1959); see also G. M. Beaun 
and W. H. Fiercuer, J. Mol. Spectrosc. 4, 388 (1960). 
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Table 8. However, the bending constant 1, is too small compared to those obtained 
in N,O, or in NO,CI. 

There is another assignment which probably is not too unreasonable to make. 
This is to consider the Raman line at 555 em~! and the very strong infrared band 
at 570 cm~! as arising from two different vibrational modes. The feasibility of such 
an assignment is suggested when one compares the results on NO,Cl in Table 4 to 


those on NO,F in Table 7. One notes that only in the case of N—F stretching 


Table 11. NO,F force constants for various values with vy, = 555 and = 570 em™!* 


r 


Set F, Fr K, Kp H; H, 


i 


I 1-40 0-598 8-716 2-304 0-343 0-567 147 

II 1-80 0-698 8-571 2-206 0-513 61 

lil 2-00 0-744 8-461 2-008 0-243 0-486 10 
IV 220 0-819 8-332 1-686 0289 0-442 0-7 
3 V 2-40 0-905 8-184 1-414 0-319 0-394 O-4 


Table 5. 


* See footnote to 


Table 12. Structure and frequencies for NO, and NOCI* 


‘NO, MNOCL 


Observed (em 1318 1306 L800 1769 
Vy 749-8 740-15 595°: 
7 


Vs 1617: 


@ 


17 
96] 


95-5 5S1-5 
5 1580-32 332-4 330-6 


Harmonic (em 1357 1810-1 
756-8 747-1 626-8 610-8 


1665-5 1628-0 340-8 339-0 


Structure r 1-197 A r 114A 
x 134° 15’ R 1:95 A 
116 


* See text for source of numerical values. 


mode does the transfer of force constants fail badly. If we accept the calculated 
value of y, as a reasonable estimate of the correct frequency, then we may assign 
the strong 555 cm~! Raman line to the N—-F stretching mode and keep the rest of 
the assignment unchanged. More reasonable sets of force constants are obtained 
on the basis of this assignment as shown in Table 11. However, we still have the 
task of explaining the origin of the medium strong 466 cm~' Raman line and the 
weak infrared band at 460cm~!. Further experimental work appears to be 
necessary to clarify this situation. Our preference at this time for the force 
constants in NO,F is Set III in Table 11. 


Refined force constants in NO, and NOCI 
Structural parameters [8, 17] and frequencies [2, 3] for NO, and NOC] are given 
in Table 12. 


[17] G. R. Brrp, J. Chem. Phys. 25, 1040 (1956). 
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Table 13. NOCI force constants and calculated frequencies* 


Observed frequencies Harmonic frequencies 


14-08 14-76 


A R 1-026 2 O75 
H 4772 
/ 00-4216 00-1964 


00-1069 O-0024 


cak expt cale expt. 


n-l4 1S00-68 1843-04 1842-6 
626-23 626-8 


332-40 340 340-8 


Nitro 


1768-11 1769 
580-87 610-47 610-8 


330-38 330-6 330-05 359-0 


Nitrogen-15 


constants in mdyn/A and frequencies in em 


Table 14. NO, force constants and calculated frequencies* 


VC 


17 


Harmon frequencies 


H (2288 
3-187 3-102 


00-4963 


expt 


1318-14 318 


740-40 740-8 756-63 756-8 


1616-97 1617-75 1665-5 


Nitrogen-15 310-78 1306 
736-16 740-15 743-93 747°1 


1580-32 1628-07 1628-0 


1581-30 


* Force constants in mdyn/A and frequencies in em! 


In nitrosyl chloride the five unknown force constants were evaluated using 
the six fundamental frequencies of both isotopic molecules. Least-square fitting 


process was employed, but considerable difficulty was encountered in arriving at a 


convergent set of force constants. Nine different Jacobian matrices were used in 


obtaining the final set of force constants listed in Table 13, when the observed 


frequencies were used, but thirty-six different Jacobian matrices were used in the 


harmonic frequency calculations. 
In our earlier calculation on NO, {1}, the four independent force constants, 
including F’, were evaluated from the nitrogen-14 and -15 observed frequencies 
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using just one Jacobian matrix. This calculation had been done on a desk cal- 
culator. We have repeated this calculation using the [BM 650 digital computer 
with three different Jacobian matrices for the observed frequencies and four 
Jacobian matrices for the harmonic frequencies. However, in both of these cases 
the final convergent set of force constants contained a negative bending constant. 
We therefore chose several combinations of frequencies and carried out the least- 
square fitting processes. Only one combination, which had the three nitrogen-14 
frequencies and the antisymmetric N—O stretching frequency of the nitrogen-15 
molecule, gave a reasonable set of force constants. Sets of force constants from 
this combination of observed and harmonic frequencies are given in Table 14. 

Although the sets of force constants obtained from the observed and harmonic 
frequencies in NO, and NOC! differ significantly, the normal co-ordinates derived 
from these sets in each molecule are not too different, as shown below. These 
matrix elements are the coefficients which relate the symmetry co-ordinates 
defined earlier for NOC] and in an earlier paper [1] for NO, to the normal co- 
ordinates, i.e. L~' matrix elements in 10~" ¢.g.s. units, 


Observed frequencies Harmonic frequencies 


0-031 4 [0-4584 


0-1396 O-2311 LO-1659 0-2325 


NOC! 0-3497 0-0073 0-0023 00-3488 0-0108 0-0021) 
0-0798 0-3817 0-0486 0-0652 0-3472 0-O815 
0-1773 0-3321 0-3455 01842 0-3656 0-3387_| 


Discussion 

While the present calculations and those reported, for example, by OvEREND 
and SCHERER | 12] give ample demonstration of the transferability of Urey—Bradley 
force constants among a series of related molecules, the interpretation of these 
force constants, especially the bending and the repulsive constants, are not 
without some difficulties. Our calculations of the refined sets of force constants in 
NO, and NOC! clearly show the uncertainties involved in the magnitudes of the 
bending and repulsive constants. Evidently, the three interrelated sources which 
introduce these uncertainties are the anharmonicities in the vibrations, the 
assumption of F’ 0-1 #, and the use of least-square fitting process itself. 

From Tables 13 and 14, the effect of anharmonicities on the bending and 


repulsive constants is quite apparent. These constants change by large factors 
when anharmonicities are taken into account, and, furthermore, the changes are 
not in any consistent direction. The stretching constants, on the other hand, are 
not markedly affected by anharmonicities, and the corrections in the force con- 


stants are in the expected direction. 

The dependence of the linear repulsive constant F’ on the quadratic constant F 
is also not simple, but the assumption of F’ 0-1 F does not appear to cause 
too serious a change in the other force constants. The largest change appears in 
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the bending constants, but the differences here are not by an order of magnitude. 
However, in both NO, and NOC!, F’ obviously is not equal to —0-1 F. 

That the use of the least-square fitting process introduces uncertainties in the force 
constants was not anticipated, although this may be just an apparent effect and in 
reality the force constant in question may happen to be more sensitively related 


1900 2100 


Fig. 3 Lh penden¢ e of stret hing force constant to the observed frequencies of the nitro 
v,*) is the sum of the squares of the antisymmetric and symmetric NO 


group Here 
stretching frequencies. 


NOBr -~ 


| | 
1750 i800 1850 1900 
V (NO) cm™! 


Fig. 4. Dependence of stretching force constant to the observed frequency 
of the nitroso group. 


to the frequency. Nevertheless, in NO, only one combination of isotopic fre- 
quencies gave a positive bending constant while all others gave negative values 
even though the force constants reproduced the frequencies exactly. 

In spite of the limitation imposed on the interpretation of the Urey—Bradley 
force constants by the inherent uncertainties involved in them, the transferability 
of these constants is an exceedingly useful property when one is investigating a 
series of molecules for which complete spectral and structural data are lacking. 
The nitrogen oxides are just such a case, and we have found the Urey—Bradley 
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force constant calculations to be helpful not only in assigning the observed spectra 


but also in deducing information on the molecular structure. 

In transferring force constants from this and previous calculations to other 
more complicated nitrogen oxides, we have found two useful empirical relation- 
ships from which trial force constants can be estimated. In Figs. 3 and 4 are 
shown the dependences of the NO bond stretching force constants in the nitro and 
the nitroso groups of various nitrogen oxides on the observed stretching fre- 
quencies, Except for the force constant in the nitrate ion, which was taken from 
the tabulated values by Mizusuima and SuHimanovucut [18], other constants are 
from this work and from the earlier paper on N,O, {1}. The assumption of F’ 

0-1 F has been made to derive all of these force constants. The force constants 
in N,O, are from our calculations which will be published shortly. 
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Abstract —Urey-Bradley force constants from nitrogen dioxide, nitrite ion, nitrosyl halides, 
nitryl halides and dinitrogen tetroxide, all reported earlier, have been used to calculate the 
vibrational frequencies in dinitrogen trioxide. Since the structure of the trioxide is not known, 
several possible structures were considered and the effect of these on the calculated frequencies 
vas determined. On the basis of these calculations, the most reasonable structure of the molecule 
appears to be the planar form with the N-—N bond distance of about 2-08 A or greater and the 
N—N__O (nitroso) angle less than about 110°, 


Introduction 
WE HAD evaluated and reported previously [1, 2] the Urey—Bradley force constants 
in several nitrogen oxides and oxyhalides, which possessed in common either the 
nitro group or the nitroso group. In this paper we shall test the transferability of 


Fig. |. Internal co-ordinates in planar N,O, molecule 


these force constants to dinitrogen trioxide and also the feasibility of making a 
vibrational normal co-ordinate analysis on a molecule whose structure is not 
known but for which essentially complete vibrational spectral data are available 
(3-5). 

On the basis of the Raman spectrum, we had concluded earlier that the geom- 
etry of N,O, is one which contains the N—N bond [4]. Furthermore, the planar 


* Abstracted in part from a thesis submitted by J. P. D. in partial fulfillment of the requirements for 
the Ph.D. degree in chemistry at K.8.U., 1960. 
+ Present address: School of Chemistry, University of Minnesota, Minneapolis 14, Minnesota, 
+ Present address: Department of Chemistry, Pennsylvania State University, University Park, 
Pennsylvania. 


1} I. C. Hisarsune, J. P. Deviin and 8. Catrrano, Spectrochim. Acta 16, 450 (1960). 
(2) J. P. Devirs and I. C. Hisarsune, Spectrochim. Acta 17, 206 (1961). 
[3] I. C. Hisarsune and K. H. Rue, Proceedings of the International Meeting on Molecular Spectroscopy, 
Bologna, Italy, September, 1959. Pergamon Press, Oxford. In press (1961). 
[4] I. C, Hisarsune and J. P. Deviin, Spectrochim. Acta 16, 401 (1960). 
(5) I. C. Hisatsune, J. P. Devirn and Y, Wana, Chem. Phys. 33, 714 (1960). 
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structure of N,O, suggests that in N,O, at least the N—NO, unit is planar and 
probably has a C,,-symmetry. Among the many possible structures of N,O, 
which satisfy the above conditions, we have chosen the planar form with C,- 
symmetry and have carried out calculations using this structure. In addition, we 
considered one non-planar structure of N,O, which still possessed the C,-symmetry. 
The Urey—Bradley potential energy of the planar N,O, can be expressed by 
the following equation in which the force constants have the usual meaning and 
the internal co-ordinates are those illustrated in Fig. 1. The co-ordinates » and + 
represent, respectively, the nitro group out-of-plane wagging and the torsional 
modes. 
2V = 2K,'RAR + K, AR? 
2K,'r.(Ar, + Ars) + K,(Ar,? + Ar,?) 
2K;'r; Ar; + Ar, 
+ Aa.) + + Ax,?) 
2H,'r.” AO + Hor,” AG? 
2H,'r5? AB +- Hers? Ap? 
Ady + Fy Ady 
2 
Ps; Aq; 
9 
Aq.) + Fy(Aq,? 
F, Aq; 
- H,r,? Ay? 
Ar? 


After making the usual assumption that F’ = —0-1F and requiring that the 
potential energy be minimum at equilibrium, the final equation becomes one in 
which there are twelve force constants. Since the nine fundamental vibrational 
modes can be factored into seven in-plane modes and two out-of-plane modes by 


the C,-symmetry of the molecule, the potential-energy matrix can be reduced to 
the same orders by using the following symmetry co-ordinates. 
A’-class: S, = Ar; S, = Ar, S, = Ar, 
(6)-¥*r,(2A0 — Ax, 


A”-class: S A S, =r,Ar 
The computational procedures used here were the standard G- and F-matrix 
method [6]. Since the order of the secular equation for N,O, was too large to solve 
on a desk calculator, numerical calculations were made on an IBM 650 digital 
computer. The magnitude of the complexity of these calculations can be judged 
readily by the time of about 2 hr required to compute and apply one Jacobian 


[6] E. B. Witson, Jr., J. C. Decrvs and P. C. Cross, Molecular Vibrations. McGraw-Hill, New York 
(1955). 
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matrix in the least-square fitting process. The program for these calculations has 
been described before [1]. In the least-square fitting process, the elements of the 
weight matrix were taken again as 1/r,,.. The numerical values of the structural 
parameters [4] and observed frequencies [5] are given in Table 1. 


Table 1. Fundamental frequencies and structural parameters in N,O, 


Fundamental frequencies 
(em 


Structure 


2-40 A 


Assignment 


l 
l 1863 1830 nitroso bond stretch 
x 113 1589 1546 rg asym. nitro bond stretch 
() 134 1297 277 rg sym. nitro bond stretch 
8 90-130 783 771 vy, nitro deformation 
627 614 rg nitro out-of-plane wag 


407 397 nitroso r ek 
313 308 v, nitro rock 
953 ry stretch 


torsional 


* HiIsaTsuNE and DevLin 


+ HisaTsuneE et al, [3-5 


Calculations and results 

In the first series of calculations, R and f were taken, respectively, as 2-08 A 
and 110°, These are just the averages of the range of values listed in Table 1. The 
other parameters were taken as listed in the same table. After the best set of force 
constants had been obtained for this geometry, the structure was changed to 
include the limits of R and # values and also the non-planar form of the molecule. 

Seven force constants made up the first trial set, and these were transferred 
from other nitrogen oxides. H/,, H, and F, were taken from N,O, after the bending 
constants had been properly corrected for the scaling bond distances. H, was 
taken directly from NOC]. For K, a slightly smaller value than that found in 
N,O, was used. The N—O bond stretching constants in the nitro group, K,, and 
the nitroso group, A,, were estimated from empirical relationships between the 
force constants and the stretching frequencies [2]. Numerical values of these 
force constants and of the frequencies calculated from them are given in Table 2. 

Except in the lowest frequency, the transferred set of seven force constants 
reproduces the observed frequencies well. However, when this set of constants 
was used in the least-square fitting process no convergence was obtained. The 
force constants were therefore adjusted manually in the directions indicated by 
the Jacobian matrix elements, and the resulting best corrected set is given in 
Table 2. The poor agreement in the lowest frequency value is still present, and we 
found it impossible to make further improvement because of the dependence of », 
and vy, on the force constants. The corrected set also gave no convergence when a 
least-square fitting process was attempted. These results indicated that another 
force constant had to be introduced. 
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The transferred set of force constants in Trial II was exactly the same as that 
in Trial I except for one additional constant /, taken from NOCI. The choice of 
F, rather than F, or F; was reasonable since the non-bonded atom distance, q,. 
was the shortest in the present molecular geometry. The calculated frequencies 


from this set of force constants are given in Table 3, and this time the results are 
remarkably good. 


Table 2. N,O, force constants and calculated frequencies for the planar modes in Trial I* 


Transferred Corrected 


1849 

1595 -O-3SS8 
1254 3°32 
734 1°26 
392 3-68 
298 4-79 
176 30°43 


* Force constants in mdyn/A and frequencies in em~'. 


Table 3. N,O, force constants and calculated frequencies for the planar modes in Trial I1* 


Transferred Corrected 


set set 


14-92 85: 15-10 

8-0 1597 LOS 7-93 

0-76 258 3: 0-708 

0-44 5 4°: 0-470 
0-26 0-264 0-99 
0-176 318 0-120 0-64 
2-31 245 3-034 5-15 
0-41 0-338 


* Force constants in mdyn/A and frequencies in em~}, 


Once again the constants in the transferred set were adjusted manually and 
least-square correction process was attempted with A, held fixed. We observed a 
small amount of convergence followed by divergence. The best set of constants 
obtained in this trial is given in Table 3. When either F, or F, was introduced 
instead of F;, no set of constants was found which reproduced the observed 
frequencies as well as the corrected set of Table 3. However, F, had a more 
favorable effect than F,, so that the inclusion of both Ff, and F, in the trial set of 
force constants seemed justified. 

Before F, was introduced into the trial set of force constants, the effect of 
structural changes on the calculated frequencies was investigated. For this study, 
frequencies were calculated with the set of corrected constants of Table 3 while 
the values of R and f were varied over the reasonable limits (cf. Table 5). These 
calculations showed that »; and v, approached each other when either R was 
increased or # decreased. It appeared, therefore, that there were two ways by 


991 


A 
set (%) set (%) 
K, = 14-92 15-14 1864 0-05 
K, 8-0 7-95 1589 0 
Ky = 0-76 0-80 1297 0 : 
H, = 0-44 0-47 784 + 0-13 
H, 0-26 0-32 416 + 2-2] 
H, = 0-176 O-15 312 0-32 
F, 2-31 3-04 191 24-50 
L . A 
} ‘cal oO 
96] 
45 
K, 
Kp 
H, 
H, 
He 
F, 
F, 
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which a converged set of force constants, which would reproduce the observed 
frequencies, could be obtained. We could choose a different molecular structure, 
or we may introduce the force constant F,;. The second method was chosen 
because, first, a rather large change in R or 8 would be required to obtain the best 
fit of frequencies, and, second, the F, term had been found to be significant in our 
earlier calculations on N,O,. 

Once F, was included, a small amount of manual adjustment of the force 
constants succeeded in determining Set I in Table 4, which converged immediately 


Table 4. N,( Is force constants in Trial ILI (mdyn/A) 


IV V VI Vil 


kK,* 7-94 7°93 704 7:95 7-93 793 7:93 
K,° 15-13 15-13 15-13 15-13 15-12 15-13 15-14 
Ke 0-76 0-64 0-76 O-87 0-66 0-64 
H 0-10 0-12 0-03 0-17 O12 
0-12 0-10 O12 O12 
H., 0-44 O47 O45 0-43 O47 O47 47 
F, 2-98 3-06 3-04 3-01 3-05 3-06 3-08 
I. 0-30 0-26 0-29 0-33 0-29 0-26 24 
O-15 O-10 OS 


O-003 0-000 5-74 0-73 0-000 144 


* Held constant during least-square correction process. 
+ X? (Yons Yeaic)? and summed over all frequencies. 


lable 5. Caleulated planar mode frequencies for different structures (em ‘*) 


110 110 = 90 130 


R 2-08 A 1-75 R 2404 R 2-08 A R 2-08 \ 


1863 1S66 1862 1867 
580 1585 1580 1580 
1297 1297 1297 1297 1297 
783 782 781 784 
107 {22 389 $14 
313 324 303 322 303 
253 248 256 254 239 


upon Set IIT. In the least-square fitting process both A, and K, were held fixed, 
but one of these was varied by 0-01 mdyn/A each time as shown in Table 4. In 
Sets Il to IV, A, is varied but A, is held fixed, and vice versa in Sets V to VII. 

The trends in the force constants in Table 4 show that an increase (or a decrease) 
in K, produces the undesirable effect of decreasing H, (or K,,) below the expected 


reasonable values. Increasing A, also causes both H, and K,, to become too small. 
Hence, Set V in the Table was chosen as the best set of force constants in N,O,. 
This set was then used to calculate frequencies for different reasonable geometries 
of the molecule. The results are given in Table 5. 

Table 5 shows that the uncertainty in the N—-N bond distance does not have 
much effect on the calculated frequencies, and that the variation in the angle ? 
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has a larger effect on the three low frequencies. In fact, when § was decreased, we 
found /, to approach zero and at the same time calculated values of vy, and v, to 
approach each other. Because of this dependence of vy; and vy, on f, regardless of 
the interaction terms included in the potential energy expression, it would have 
been difficult, if not impossible, to obtain a converged set of force constants if 8 
was increased much beyond the average value of 110°. A decrease in R would 
have caused similar difficulties but to a lesser extent. Thus, the Urey—Bradley 
force field treatment of the planar molecule favors § not much greater than 110° 
and R of about 2-08 A or larger. 


Table 6. Non-planar N,O, force constants and calculated frequencies * 


Hy, = 0-17 
He 0-12 
H, = 0-47 
H. 0-25 
H. 00-0027 


1860 
1298 
789 
657 
469 
260 


A” -class 


* Force constants in mdyn/A and frequencies in em~?, 


One non-planar form of N,O, was also considered. In this model the torsional 
angle was taken as 90° so that the molecule still retained the C,-symmetry. The 
vibrational modes now divide somewhat differently compared to the planar case, 
and the A”-symmetry class contains symmetry co-ordinates corresponding to the 
nitro N—O bond antisymmetric stretching, nitro group rocking in the N—NO, 
plane, and the torsional modes. Frequencies for this structure were calculated 
using the force constants in Set V of Table 4 together with H, and H, determined 
from the A”-symmetry block in the planar structure. These force constants and 
the resulting calculated frequencies are given in Table 6. 

Judging from the results of the previous calculations on the planar structure, 
we feel that the large difference between », and v, (these correspond to y, and v, in 
the planar case) will cause any least-square fitting attempts on this set of force 
constants to diverge. Thus, this calculation also appears to show that the planar 
or very nearly planar structure of N,O, is reasonable. Another interesting result 
of this calculation is the confirmation of our assignment of the nitroso and the 


K, 15-12 F, 3-05 
Ky 7-93 F, = 0-10 
Ky 0-66 F, = 0-29 
4 
calc obs (%) 
A’-class 1863 0-16 
1297 0-08 
17 627 
961 407 15-23 
253 + 2-76 
1585 1589 0-25 
345 313 + 10-22 
35 (35) ; 
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nitro group rocking frequencies. In the present non-planar structure, these modes 
appear in different symmetry classes as shown in Table 6. The nitroso group 
rocking, assigned at 407 em~!, has the A’-symmetry while the nitro group rocking, 
assigned at 313 cm~', belongs to the A”-symmetry class. 

As a final test of Set V force constants in Table 4, we have calculated the 
frequencies of the nitrogen-15 isotopic molecule. The calculated frequencies 
using the average planar structure are given in Table 7. The agreement between 
the calculated and observed frequency shifts is good except for the 1277 em! 
band. This band in the N,O, solid spectrum was observed to be an intense 
doublet with peaks at 1299 em~' and 1277 cm~'. (This splitting was not observed 
in the *N,O, solid spectrum where a higher temperature had been used.) If both 
of these peaks arise from the same fundamental, then the agreement between the 
calculated and observed frequency shifts for this fundamental will be improved. 


lable 7. Isotopic frequencies and frequency shifts (em™!) 


1820-3 

1552-7 

1288 
768 
397 


about this absorption band. 


Conclusion 

Urey- Bradley force constants in nitrogen oxides appear to have a high degree 
of transferability. With nine force constants from other nitrogen oxides and 
oxyhalides, we have calculated the frequencies of both “N,O, and "N,O, which 
agreed well with the experimental values. Since changes in the molecular structure 
within reasonable limits do not cause large changes in these force constants, we 
are perhaps justified in concluding that our adopted set of force constants for 
N,O, (Set V of Table 4) is the best set obtainable at the present time. These 
calculations also suggest that in the planar molecule the upper limit of the angle 
formed by the nitroso bond and the N-——N bond is approximately 110° and that 
the lower limit of the N—N bond distance is about 2-08 A. Doubts concerning 
the assignment of the observed fundamental frequencies have also been removed 
by the present work 

It will now be possible to calculate useful thermodynamic functions of N,O, 
from the presently available data, and we may probably have some confidence in 
the reliability of these calculated quantities. We may also expect the force 
constants from this work and from other works reported previously to be trans- 
ferable to other nitrogen oxides of interest such as N,O, or NO, radical. Force 
constant calculations on N,O, are now in progress. 
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Abstract The vibrational spectrum of the ron (¢ rO,C1 is reported. The Raman spectra were 


obta lin the re gion of the spectrum by excitation with the helium radiations 5875-6 and 
tion spectr im was investigated over the range 10 32 i. The 
with the « xpects di ¢ SV trv of the ion and the observed 
s have been a med under this point group. A normal co-ordinate treatment based 
s/f 


nts have been calculated The stretching frequencies of the ion and the related 


G-matrix method and a simplified valence force field has been carried out and 


constants are compared with those of other hexavalent chromium compounds, 


eported by the 


Introduction 


IN PREVIOUS communications we reported the Raman spectra and some infrared 
spectral data of the hexavalent chromium compounds (CrO,)*~ [1], (Cr,O0,)?~ [2] and 
CrO,Cl, [3 We calculated the more significant force constants of these species 
under the assumption of more or less simplified valence force field models. In order 
to complete the series of investigations on related molecules the present paper deals 
with the vibrational spectrum and the force constants of the monochlorochromate 
ion 1) 

The ion (CrO,Cl)~ possesses an axially symmetrical tetrahedral configuration 
belonging to point group C,, as shown by the X-ray diffraction measurements on 
solid potassium monochlorochromate of HELMHOLZ and Foster |4|] who found the 
interatomic equilibrium distances Cr—-Cl (r) and Cr—O (R) to be 2-16 and 1-53 A, 
respectively, and all interbond angles approximately those of the regular tetrahedron. 

The vibrational spectrum of a pentatomic molecule with C,,-structure is expected 
to contain six fundamental modes, three of them belonging to class A, and three to 
the doubly degenerate species E. All of them are active in Raman and in the infra- 
red; the A,-species correspond to polarized Raman shifts. 


Experimental 
Potassium monochlorochromate was prepared, as amply described in the litera- 
ture, by the action of hydrochloric acid on potassium dichromate in hot aqueous 
solution. Only the first fraction of the reddish-orange crystals of KCrO,Cl which 
precipitate upon cooling the mixture were used for the spectroscopic investigations. 
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The compound is rapidly hydrolysed by water but is fairly stable when dissolved 
in diluted hydrochloric acid. The larger part of the Raman spectrum was taken from 
samples containing about 20 wt. per cent KCrO,Cl in hydrochloric acid diluted 1:1 
Such solutions are sufficiently photostable to withstand an intense irradiation of He 
5875-6 A before undergoing appreciable decomposition and becoming turbid. Radia 
tion of shorter wavelengths had to be removed by the interposition of suitable filters. 

Of organic solvents for KCrO,Cl, acetic acid and acetone are mentioned in the 
literature. In addition, methylethyl ketone and diethyl ether proved to be useful 
solvents for the Raman investigation. We found the solutions of KCrO,Cl in 
CH,COOH to be too photosensitive for this part of our work; however the solutions 
in CH,COCH,, CH,COC,H, and C,H,OC,H, —although less stable than the solutions 
in dilute hydrochloric acid—yielded Raman spectra of good quality. All samples 
containing KCrO,Cl in organic solvents (about 10 wt. per cent) had to be excited by 
He 6678-2 A; precautions were taken against the incidence for radiations of shorter 
wavelength on the samples. 

The general procedure of the long-wave excitation of Raman spectra has been 
described previously by one of us [5]. For instrumental and experimental details 
concerning the spectrographic equipment, the photographic plates employed in the 
different spectral ranges, the qualitative determination of the state of polarization of 
the Raman shifts, etc.. we refer to our previous communications on related chromium 
compounds | 1-3}. 

All of the above-mentioned samples exhibited fairly intense Raman scattering, 
and the complete Raman spectrum was obtained without unduly long exposures. 
For excitation by He 5875-6 A the five strongest of the six Raman shifts were regis- 
tered in 10 min on Kodak 103aC spectroscopic plates. The spectra excited by He 


6678-2 A, the polarization measurements, and the recording of the very weak Raman 


line found at 295 cm~' all needed exposures up to 3 hr. The low intensity of the 
295 em~! shift prevented the determination of its state of polarization. 

The infra-red spectrum of the compound was studied by one of us (K.K.) in Osaka 
using a Leitz infra-red spectrometer provided with NaCl, KBr and CsBr opties. The 
absorption of the solid KCrO,Cl in samples mulled with Nujol was investigated over 
the range 10-32 uw (310-1000 em~'); furthermore, the spectrum of a solution in ace 
tone was taken in the NaCl prism region. 


Observed frequencies and assignments 

The frequencies observed in Raman and in the infra-red and their estimated 
intensities are listed in Table 1. The Raman shifts found to be strongly polarized 
(p < 0-4) are indicated by P. The samples of KCrO,C! in diluted hydrochloric acid 
and in the above-mentioned organic solvents yielded identical Raman frequencies 
within the experimental error; however, the shifts produced by the latter ones were 
much sharper and better defined. 

The absorption spectrum of KCrO,Cl in the solid state shows a splitting of the 
bands, corresponding to the doubly degenerated vibrations, which has to be ascribed 
certainly, to the crystal field. 
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The spectra listed in Table | are fully consistent with those expected for an 
axially symmetrical XYZ, molecule; hence the observed frequencies have to be 


attributed to the isolated ion (CrO,Cl)~ and will be assigned under the point group 


(',,. The six Raman frequencies have been ascribed to the fundamental modes of 


vibration of the ion, and in the limited range investigated in the infra-red only two 


bands were found which have to be assigned to an overtone and to a combination. 


respectively 


The assignment itself, shown in the last column of Table 1. has been made in a 


straightforward manner. From the previously reported data on related molecules, 


Table 1. Raman and infra-red spectrum of 


Infra-red 
Raman 


Assignment 


solutions 


Solid In acetone 


(4 


907 (10) P O15 (s.) 905 (s.) (Ay) 
734 (y 


726 | 724 (v.w.) 2y, (E*) 


mentioned in the introductory part of the present paper, the approximate frequencies 
of the Cr—O and Cr—Cl stretching motions and the O—Cr—O angle deformation 


may be estimated. The polarization measurements of the Raman shifts allow the 


assignment of two of them to the totally symmetric modes A,. The results of a nor- 


mal co-ordinate analysis, to be discussed below, confirmed unequivocally the assign- 


ment based upon the preceding considerations and showed, in particular, that the 
weak Raman line 295 em~! whose state of polarization could not be observed must 


be assigned to the third A,-mode r,. 


With regard to the relative intensities of the Raman shifts and infra-red absorp- 


tion bands we wish to point out that these are to a certain degree unexpected. In the 


Raman effect », and v,, belonging to species A,, are much less intense than the three 


shifts corresponding to the E-modes whereas the A,-vibrations vy, and vy, are con- 


siderably stronger in absorption than vy, which belongs to class-E. However, in spite 


of this unusual feature, noted in both spectra, the above given assignment is felt to 


he established beyond doubt. 


The frequencies of the normal modes of vibration of the (CrO,C1l)~ ion are listed 


again in Table 2 together with a description of the intramolecular motions involved. 


It seems hardly necessary to point out that such descriptions are merely approximate 


and have, in general, a definite meaning only for the vibrational modes whose fre- 
quencies are widely separated from the rest (as may be true for the Cr—O stretching 


modes in the present case). In connexion with the normal co-ordinate analysis which 
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will be discussed in the following part we calculated the numerical values of the 
elements of the L-matrix, related to the amplitude of the intramolecular motions 
taking part in the normal modes, and found particularly that the »,-mode (A,) 
involves a considerable deformation of all interbond angles similar to the v,-mode. 
However, in the latter vibration the atoms Cr and Cl move in the same direction 
along the principal axis whereas the motion of these atoms in opposite directions 
along the axis in yr, justifies its description as a Cr—Cl stretching mode at least in 
part. 


Table 2. Normal modes, frequencies and force constants of (Cré IC) 


Species No. Approximate cale. Force constznts 
description (cm *) (em *) (mdyn A) 


Cr—O sym. 907 907 Se 
Cr—Cl 438 437 

j;O—Cr—O 
\O—Cr—Cl 
Cr—O as. 954 954 
O—Cr—_O 365 364 
O—Cr—Cl 209 207 


295 295 


Normal co-ordinate analysis and calculation of force constants 

In order to obtain the values of the more significant force constants of the 
ion a vibrational analysis was undertaken using Wilson’s F- and G-matrix method. 
The application of the method to pentatomic molecules with C,,-symmetry, including 
the setting up of the expressions of the symmetry co-ordinates and secular matrices, 
has been outlined by, among others, Wrison [6], Pace [7] and in a more detailed 
manner by MetsTer and CLEVELAND [8]. We followed the procedure described by 
the above-named authors and refer to their papers for all details. 

ROSENTHAL and VoGE [9] have shown that the most general potential function 
of XYZ, molecule involves twelve force constants which, naturally, cannot be deter- 
mined from the six fundamental frequencies of the system. In some cases of halogen 
derivatives of methane additional relationships have been obtained from the study of 
isotopic species. This procedure is not possible for the (CrO,Cl)~ ion. On the other 
hand it seemed to us unsafe to assume such additional relationships, or arbitrary 
values of some less significant potential constants, from previous results on CrO,Cl, 
[3]. Hence, we decided to apply a much simplified valence force field as defined by 
the following quadratic potential function: 


3 
2V = > fr(AR,)? + f,(Ar)? + 
i 1 


3 3 
> f.(RAz,;)? + > fol, 
<j l i 1 


t 


i 1 


. Witson, Jr., J. Chem. Phys. 9, 76 (1941). 
. Pace, J. Chem. Phys. 18, 881 (1950). 
. Meister and F. F. CLEVELAND, Am. J. Phys. 14, 13 (1946). 
). RosenTHAL and H. H. Voce, J. Chem. Phys. 4, 134, 137 (1936). 


6-29 
A, 2 v 2-18 
3 0-41 
4 v 0-17 
6 0-04 
L 
17 
96] 
6) E. 
[7] E.] 
[8] A. ¢ 
[9] J. 
229 


STaAMMREICH, OswaLpo Sata and K. Kawat 


H. 


Here, R(R,, R,, Ry) and r represent the equilibrium bond lengths Cr—O and 
Cr—Cl; % 3) and By, refer to the interbond angles O—Cr—O and 
O—Cr—Cl. It is seen that this function contains, in addition to the four principal 
force constants fp. f,. f,. f, referring to the Cr—O and Cr—Cl stretches and to the 
deformations of the O—Cr—O and O—Cr—Cl angles, respectively, only the two 
nteraction constants fp, and f,, representing the interaction between the Cr—O 
bonds and the interaction between the Cr—Cl bond and the O—Cr—Cl angles. This 
simplified model is equivalent to disregarding all off-diagonal elements in the E- 
matrix. The value of f,, was obtained considering the F,, off-diagonal element in the 
A,-matrix. 

The values of the structural parameters of the ion, given in the introductory part 
of this paper, were used to calculate the numerical values of the G-matrix elements 
and potential constants. By the aid of the set of force constants listed in the last 
columns of Table 2, the frequencies of the normal modes of (CrO,Cl)~ were computed 
and found to be in surprisingly good agreement with the observed values, taking into 
consideration the simplicity of the assumed force field model. Nevertheless, in our 
opinion the significance of a satisfactory reproduction of the observed frequencies by 
means of the chosen model must not be overestimated and cannot be regarded as a 
conclusive proof of the fact that the selected intramolecular interactions are really 
the predominant ones. The adequacy of a force field model will usually reveal itself 
only through an application to the bonding problems of a series of related molecules. 
Following this train of thought we carried out a calculation of another set of six 
potential constants using only the diagonal matrix elements and putting all off- 
diagonal elements equal to zero. Consequently the interaction between the Cr—Cl 
bond and the O—Cr—C angles, represented by f,,, was neglected, and f,,, related to 
the interaction of the O—Cr—O angles, was introduced. By means of a set of poten- 
tial constants f, = 6-30, f, = 2-06, f, = 0-43, f 0-17, frp = 0°32, f,, = 0-02 
mdyn/A the observed frequencies were satisfactorily reproduced; however the devia- 
tions in the A,-modes »y, and v, were a little larger than with the set shown in Table 2. 
Since these two modes may be expected to couple, the introduction of an interaction 


constant of the type f,, is apparently adequate as corresponding to a physical reality. 


Comparison of stretching frequencies and force constants 
in hexavalent chromium compounds 

The structure of the isolated (CrO,)*~ ion may be pictured as a resonance hybrid 
of the forms Cr°O,?> with covalent Cr—O bonds and the polar structures Cr*O,3> and 
Cr?-O,* in which electrons have been transferred from the chromium to the oxygen 
atoms. The covalent part may be regarded as arising from equal contributions of six 
canonical structures, each of them having two single and two double Cr—O bonds, 
and a resulting bond order of 1-5. The term “bond order”’ is here understood to mean 
a formal quantity representing the average fractional multiplicity of the bonds in the 
covalent structure and certainly not a measure of bond strength. 

The dichromate ion possesses one bridging oxygen atom and the mesomerism is 
restricted to the bonding of the chromium to three equivalent oxygen atoms, the 
resulting formal covalent bond order being 1-67. The observed vibrational spectrum 
of the (Cr,O,)*~ ion has been interpreted by us [2] as a superposition of the spectra of 
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the nonlinear system of three masses (CrO,)—O—(CrO,) and of the internal vibra- 
tions of the pyramidal CrO, groups. Based upon this conception, the fundamental 
frequencies of an hypothetical molecule CrO,0’ (O' represents the single bonded 
oxygen in the model or, respectively, the bridging O-atom in the dichromate ion) 
were deduced and its principal force constants were calculated. 

The frequencies of the normal modes of the (CrO,Cl)~ ion relative to the stretching 
motions of the Cr—O bonds and to the deformation of the O—Cr—O angles are 
expected to be not too different from those of the corresponding vibrations of the 


Table 3. Frequencies and force constants of Cr—O and Cr—C! stretches 
in hexavalent chromium compounds 


O bonds Cr—Cl bonds 
Compounds and 
references Formal 
‘sym. vas. te ysym. vas. 
(CrO,)?> [1] 847 884 
(Cr,0,)?> [2] ‘6 904 946 
(CrO,Cl)~ this work 6 907 954 p28 438 2-18 


CrO,Cl, 2° 984 994 465 499 2-56 


* Value calculated for the CrO,O’ model under the assumption of 895 cm! for the sym. mode 


(Cr,O,)?> ion since similar bondings in the CrO, groups may be assumed. Actually, 
the observed frequencies of the two species referring to the aforesaid fundamentals 
are nearly identical. In CrO,Cl, the Cr-—O bond order is 2-0, and the contributions of 
polar forms to the structure are probably small. The fact that the frequencies of 
symmetric and antisymmetric Cr—O stretch of CrO,Cl, fall close together is in our 
opinion due to the circumstance that variations of the effective charges and bond 
moments during vibration are negligible. 

In Table 3 the stretching frequencies of the different investigated derivatives 
of Cr(VI) are compared, together with the calculated valence force constants 
related to these vibrations. It is clear that the comparison between the latter is 
meaningful only within limits since their values are obtained from different force 
field models and under different simplifying assumptions. Nevertheless it is seen 
that the values of the potential constants f,,.» are approximately proportional to 
the formal covalent bond orders as discussed in the foregoing remarks. 

The Cr—Cl stretching frequencies and related potential constants of chromyl 
chloride and the monochlorochromate ion are included in the last columns of Table 
3, but no conclusions shall be drawn from the few data which are available at present. 
With regard to the former molecule, MILLER et al. [10], who carried out a thorough 
investigation of the infra-red and Raman spectrum and whose results are in excellent 
agreement with our observations, believe that the “true” frequencies of two unper- 
turbed A,-modes, namely the symmetric Cr—Cl stretch and the CrO, scissoring 
motion, would have fallen close together near 400 cm~' and are spread apart by 


(10) F. A. G. L. Cartson and W. B. Wuirte, Spectrochim, Acta 15, 709 (1959). 
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resonance interaction. On the other hand, as pointed out above, th 
the v,-mode of the (CrO,Cl)- ion as a pure Cr— 


e description of 
Cl stretch is certainly inadequate. 
Consequently, the observed frequencies cannot be regarded 
“bond frequencies” of the Cr—C] bonding in both species. 


as truly characteristic 
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Abstract—A frequency assignment for pyrazine is given, based on calculations using valency 
force constants transferred from benzene. 


Introduction 
EXPERIMENTAL work has been done on the infra-red and Raman spectra of pyrazine 
(1:4-diazine) leading to a partial assignment of vibration frequencies by Ivo et al. [1] 
and to a complete one based on more extensive data by Lorp ef al. [2]. It was 
thought that an independent approach based on the use of force constants would 
afford a valuable check on the accuracy of the assignment in [2], and would possibly 
enable a reasonable force field for pyrazine to be established. 


The force field 


In order to simplify the calculations, the pyrazine molecule has been taken to be 
a regular hexagon of sides equal to that of benzene (1-40 A) and C—H distance 
1-08 A (also that of benzene), the C—H bonds being assumed to be on the external 
bisectors of the N—C—C bonds. According to WHEATLEY [3], the C—N distance is 
1-334 A, the C—C distance 1-378 A and the C—H distance 1-05 A. Taking the 
mean of the sides, this gives a ratio of C—H distance to mean side distance of 0-778 
as compared to 0-771 for benzene. 

The force field chosen was that appropriate to benzene, and is due to WHIrrEeN 
[4]. By means of it the vibration frequencies are reproducible to within 2 per cent. 
This field has been shown to be very useful in assigning the frequencies of naphthalene 
[5, 6] and it should prove a useful guide in the case of pyrazine. The planar and 
out-of-plane force fields are given, respectively, by the following equations: 


2V = DE AR? + 2d, AR, AR,,, + 2d,, 2 AR, AR,,. + 2d, AR, AR,,5 
E Ar? + 2e) Ar, Ar,., + 2¢,, Ar, + Ar, 


Gry” 2 P; ~ 29 + P5P; 
I R,? >» a2 t 2f,R,* > 1 21, Rh, AR, 1) 
a: ; a: 2 
~ BAAR, AR, 1) ~ BAAR, 


2),7%o p(AR, 2 AR, 3) 2nor p(x, 1 


3 
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. J. WHeatiey, Acta Cryst. 10, 182 (1957 
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It must be pointed out that though the above potential energy expressions appear 
to be very comprehensive, some interaction constants, e.g. t.. f,, do not appear. 


The reasons for this are threefold: some are zero because otherwise the assumption 


of D.. symmetry for benzene would be violated, some can be eliminated because of 


the redundancy relationships which hold between valency co-ordinates, and the 


remainder have been shown to have very small numerical values. It is clear that 


since the symmetry of pyrazine is different from that of benzene, the arguments 


above for vanishing interaction force constants do not apply. 


Table 1 Valency force cor nts (10° dyn/em) 


LIS 0-0208 0-0220 
O-573 0-O161 (—O-OL71) 

} 093 Q 0-0290 (0-0313) 
le 0O-O100 0-O1L08 
0-008 00-0136 (0-0146) 

(; (0-866 

lo (0-012 


OOLT O-OLS 
OLS O-O10) 
I L-O31 (1-113) 
f 0-185 (0-200 

o 

180 0-187) 


(0-043 


“0 

0-063) 
} 0-042 (0-043) 
No 0-123 0-132) 


Unbracketed values are from [4], on the basis of a carbon to hvdr wen equilibrium distance in benzene 
of 1-08 A. Bracketed values are on the basis of pyrazine equilibrium bond lengths. 


As a first approximation these force constants are used in this paper (see Table 1) 


apart from some changes referred to below. There is a strong argument in support 


of this. It rests on the fact that the force field for benzene and many of its deuterated 


derivatives has been very fully studied. The force constants used for benzene 


should then form a good basis for such a molecule as pyrazine, particularly in that 


deuterated compounds of it have not yet been examined. Further, it is just as 


reasonable to take the force constants of benzene to represent it on a model basis 


as it is to take its frequencies. 


There are some modifications which have to be made. Firstly, the previously 


defined twisting co-ordinate ¢ [4] has to be amended, because there are no attached 


hydrogen atoms at ring positions | and 4. Recalling that the ¢ are defined by 
Ryd + Roly; — 


where R, = C—C equilibrium distance in benzene 


subscript indicating ring position 


a carbon bond twisting angle 


planar deformation at a carbon atom 
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it is necessary to drop the appropriate y at the position where there is no attached 
hydrogen atom. This will affect the out-of-plane G-matrices. A new definition of 
¢ requires a change in the value of the associated force constant (and interaction 
constants), but as a first approximation the benzene force constants are used. It is 
of course possible to use 6 as the twisting co-ordinate in place of 4, but the use of 
¢ leads to smaller interaction constants. 

A further change is required due to the fact that in the potential energy expres- 
sions r, and &, occur (rz is the carbon to hydrogen and R, the carbon to carbon 


Table 2. Frequencies 


Il Assign. Lorp Assign. LorD 


820 845 820,753 753 3, 997 1037 1022 1022 
496 514 417 417 1017 1073 1067 1067 
790 810 804 SO4 1461 1418 1490 1490 
812 841 703 641 3071 3072 3066 3066 
860 890 925 703 : 1067 1086 1148 1148 
1213 1216 1342 1342 
332 398ec 330 340 est. 1345 1367 1418 1418 
960 970e 960 950 e 
620 609 609 609 3078 3078 3066 3066 
982 982 1015 1015 
1081 1104 1118 1232 
1683 1692 1584 1584 
3064 3063 3060 3060 
620 637 516,641 516 
1235 271 1232 1118 
1526 1542 1523 1523 


3044 3046 $3045 3045 


Cale. I. Using benzene equilibrium distances (C—H = 1-08 A, C—C 1-40 A). 
Cale. II. Using pyrazine equilibrium distances (C—H 1-05 A, C—C = 1-35 A). 


equilibrium bond length, both for benzene). For example, a term involving Pr,? 
occurs, and properly the r, should be that for pyrazine. Consequently P{r,(benzene)/ 
r,(pyrazine)|* should be transferred, and not simply ?. This amounts to a new 
P-value for pyrazine. In Table | force constants modified on this basis are shown in 
brackets. Both force fields have been used in this paper. It is recognised that 
the use of this second set of force constants is likely to be of not more than formal 
significance, to be justified or not from an a posteriori comparison of calculated and 
assigned frequencies. 

It should be pointed out that the C—N stretching force constants are given the 
same value as the benzene C—C stretching constants. 

Frequencies were calculated using the Wilson G-matrix technique, the planar 
G F-matrices being handled by an electronic digital computer. The results are shown 
in Table 2. The first two columns give the frequencies based on the molecular 


dimensions of benzene and pyrazine, respectively. The third column gives the 


proposed new assignment, based on calculated values and those of Lorp. For 
comparison his assignment is given in the last column. 


Cale. 
I 
Be, 
By, 
B,, | 
A, 
A, 
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D. B. 


Discussion 
For comparison of classes, the nomenclature used by Lorp is adhered to, except 
that subscripts 1 and 2 are interchanged. For ease of description, the calculated 
frequencies refer to the force field which uses benzene distances. 
B,, and B,,-classes 
Calculated frequencies are in good agreement with [2] and there is no good 


reason to alter Lorp’s assignment, with the possible exception of the single fre- 
1 


quency in B,,. There is an alternative assignment to 753 cm~' namely 820 cm 


This value is nearer to calculated values, and can account for two of the observed 
infra-red lines (presumably combination lines), 820B,, + 804B,, = 1624B,, and 
820B,, + 950A, = 1770B,,. This explanation of these combination lines has in 
its favour the knowledge that most of the relatively strong infra-red active combina- 
tion bands of benzene and its derivatives in the range 1600-2000 cm~ are due to 
out-of-plane fundamentals and the same is likely to be true in the case of naphtha- 
lene [5]. Reference [2] accounts for 1623 em~' as being a combination of in-plane 
frequencies and requires 1775 em~! to be in the A,-class, appearing in the infra-red 
by the breakdown of selection rules in the liquid state. If 820 em~ is the funda- 
mental in B,, and not 753 em~', then the latter must be accounted for. There is the 
possibility that it is a difference band given by 1067B,, — 330A, = 377B,,. 


B,,-class 

Calculated frequencies are nearer to Iro’s observations and assignments at 925 
and 703. Lorp’s assignments are 170 cm-! away from calculated values. The 
641 em~! vibration observed in the Raman spectrum by Lorp but not by ITo can 
be explained as 960A, — 330A, = 630A,. It is not quoted as being polarized. 


A. -class 

This class is inactive, and assignment is dependent on the possibility of account- 
ing for certain combination lines. Lorp’s estimated values at 950 and 340 are very 
near to those calculated, and they are accepted. The 340 cm~! frequency can account 
for Iro’s observed weak Raman line at 680 em~! (A, « A, = A,) and also at 1480 
(340 + 1148 = 1488). There is the further possibility that the 960 em~! frequency 
can account for the A, 630 cm~! as shown above. 


A,-class 

The three frequencies assigned in [2] at 1015, 1584 and 3060 are polarized, and 
correspond to calculated frequencies at 982, 1683 and 3064. The highest and lowest 
of the latter are quite close to the assignments in [2], but the middle value is 100 
em~! removed. The possibility of the middle value being the observed Raman line 
at 1628 is lessened by the fact that this can be adequately explained as a combination 
line 6094, + 10154, = 1624A,. The lowest frequency assigned in [2] at 609 is 
quite close to the value calculated at 620. The greatest discrepancy in this class lies 
in the hydrogen bending mode calculated at 1081, which is 150 cm~! away from 
Lorp’s assignment. The frequency 1232 was not found to be polarized [2], and was 
put in A, because I1ro’s findings were otherwise. If it is not in fact polarized then it 
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can be nicely explained as being the lowest hydrogen bending mode in the Raman- 
active class B,,. The observed Raman line at 1118 em~' is assigned to correspond 
to the calculated value of 1081 cm~!. The conclusion is that in this class, there is 
agreement with four of Lorp’s assignments. That the present force field is not 
completely adequate is shown by the fact that there is a difference of 100 em-! 
between the line calculated at 1683 and assigned at 1584 em~!. 


B,,-class 

As mentioned above, the observed Raman line at 1232 corresponds closely to a 
value calculated at 1235. It is interesting to observe that [7] assigns a B,, frequency 
for pyridrine-4-d at 1215, in agreement with a hydrogen bending mode at 1232. 
Lorp et al. |2] are confident that the assignments 1523 and 3045 are correct. Calcu- 
lated values at 1526 and 3044 would appear to confirm this. The lowest frequency in 
this class is difficult to assign. It could be 516, 609 or 641; 609 has already been 


assigned to A,. 


B,,,-class 

Here there is very good agreement between calculated values and the assign- 
ments in [2]. For the two lowest frequencies it is interesting to observe that the 
assignment of Lorp is intermediate between the calculated values of the two force 
fields. As for the third highest frequency, there is a choice between 1418 and 1490. 
The latter is to be preferred, because it is quoted as being strong and is presumably 
a fundamental. If it is not used in this class, it is difficult to use it elsewhere. 


B,,,-class 
Lorp’s assignment is used, but the agreement between calculated and assigned 
values is not very good, except for the highest frequency. The use of the pyrazine 
dimensions in the force field has improved the agreement, but there is still a discre- 
pancy of 120 cm~' between calculated and assigned values for the lowest ring 
frequency. 
Conclusions 
Taking the mean of each pair of calculated frequencies, it is found that of the 
twenty-four fundamental frequencies of pyrazine, ninteen are within 70 cm~! of the 
presently assigned values and fifteen are within 40 em~!. Further, the present 
assignment differs in at most six cases from that of Lorp et al. Ivo’s observed 
values of 703 and 925 are preferred to Lorp’s assignment in class B,,, there is the 
possibility that the B,,-fundamental is 820 and not 753, and his class assignment of 
232 and 1118 to A, and B,, is reversed. Finally it is possible that the lowest B,, 
frequency is 641 and not 516. The conclusion is that though some doubts still 


remain, LorpD’s assignment is probably to a large extent correct, and that the force 
field used for benzene can be used as a good guide for the pyrazine fundamentals. 


Acknowledgement—The author is indebted to Dr. D. H. Wuirren, Basic Physics Division, 
National Physical Laboratory, London, who made useful suggestions during the course of this 
work. 
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Infra-red absorption of heteroaromatic, five-membered, 
monocyclic nuclei—III 


Isoxazoles 


A. R. Karrirzky and A. J. 


University Chemical Laboratory, Cambridge, England 


(Received 14 October 1960) 


Abstract—The infra-red spectra of thirty-four isoxazoles are recorded and discussed, and 
assignments are suggested for the characteristic ring bands. Absorption due to substituents and 
to the ring vibrations gives information on the electronic nature of the isoxazole ring. 


EaRLier papers in this series dealt with 2-substituted -furans [1] and -thiophenes [2]; 
we now report on isoxazole and substituted derivatives. As before, 0-185 M chloro- 
form solutions in 0-108 mm compensated cells were measured, and apparent molar 
extinction coefficients were calculated; the errors and approximations involved 
therein have been noted [3]. Results are recorded in Tables | and 2. 

The isoxazole molecule of eight atoms has eighteen normal vibrational modes 
and, as its symmetry is C,, all should be both infra-red and Raman active. Nine 
modes are CH and nine nuclear in character. An approximation to the nuclear 
modes is obtained by assuming that the nitrogen atom behaves similarly to a CH 
group, and thus that the nucleus approximates to C,,-symmetry and possesses 
nuclear vibrational modes analogous to those of furan, thiophene and pyrrole [4]. 


In the 2000-800 em~! region, the isoxazole ring should cause absorption corre- 
sponding to modes (I-VI) (double bonds are omitted for clarity) and further, one 
CH in-plane (3) deformation and one CH out-of-plane (y) deformation for each 
hydrogen atom directly attached to the ring. Assignments of observed bands to 
these modes are given at the top of Tables 1 and 2. These assignments are based on 
earlier investigation into five-membered nuclei (for summary see [4]) and on previous 
work by CaLirano et al. [5], who studied the infra-red spectrum of isoxazole in the 
liquid and vapour phases and the Raman spectrum of the liquid, and BoreE.vo [6] 


. Karrirzky and J. M. Lacowskt, J. Chem. Soc. 657 (1959). 
. Karrirzkxy and A. J. Bourton, J. Chem. Soc. 3500 (1959). 
Karrirzxy, A. M. Monro, J. A. T. Bearp, D. P. Dearnacey and N. J. J. Chem. 
Soc. 2182 (1958 
4] A. R. Karrirzky, Quart. Rev. (London) 13, 535 (1953). 
5) S. Caurrano, F. Proxcenti and Sreroni, Spectrochim. Acta 15, 86 (1959). 
6) E. Bore1o, Gazz. chim. ital. 89, 1437 (1959). 


238 


VOL. 
17 
196 


4 
| 
’ 
I ll IV Vv VI 
| 


Aq UL pesveroUT ATT u puvg § ‘syred Jo ayy Aq peuLioy og 09 pug ft 
Aq peyseur (—) ‘uondsosqe jo oouesqy » 


Lert OSFI OW 


Ill 


oot 

S86 ecol Littl 


nuclei 


- 
ec 


196 | Cf 886 } 6 ; OW 


cool 


‘Ol 
"HN 
"HN 
“HN 


- 
= 


OOT 

ul 


{ 
ull g 


Infra-red absorption of hete 


{joarjoedses ‘4 Sepour Furyozorys 
I 


peri sq.us-tp pue ALA 


c= === ees 
| a 
| = os + 
: | - S 2 ¢ 
= 
| 
| = = 
| w 
| 
| - = > 
w = it ay 
| = = out 
| 
- 
l 7 oS 
| 
96] 
+ ++ 
om 
i> 
om 
| 
= | 2¢ 
| = — 
| 
- 
o 
S=z.. 
= 5 
| 
| 
| 
' 
239 


OF vos “spoqul {s jo uorpeurpdxe 


Lorl ef Locl Ud Ud Ud 


ororl 
OFFI } “ON on 
ol 


Loot Ceol 
ost 


ool 


BouLTON 


1crl ZOFL OOF Lol 


= 
“ 
N 
< 


R. 


A. 


ool 


{ 
supoul Dury 


on 
x > © @2 8&2 &@ & 
- 
= 
> 
V 
196 
4) 
- 
= 
=> 
- 
= 
> 
| = 
240 
‘ 


Infra-red absorption of heteroaromatic, five-membered, monocyclic nuclei—III 


who studied isoxazole and its 3- and 5-methyl, 3:5-dimethyl and 3:5-dimethyl-4- 
nitro derivatives in the infra-red. In most respects our assignments for isoxazole 
are identical with those of the previous workers. However, a weak band at 1640 
em~! (which we consider an overtone, e.g. 774 + 916 = 1690 em~!) was previously 
assigned to mode (I). We feel that the regularities found in the frequency shifts of 
this band on increasing substitution support our alternative assignment. The 
earlier workers ascribe A’-type bands at 1129 and 1028 em~! to a ring deformation 
and a SCH mode, respectively. We reverse these assignments because ring deforma- 
tion or breathing modes do not usually occur as high as 1129 em- [4]. 


Ring stretching band near 1600 cm-! 

The position of this band rises with the number of substituents attached to the 
isoxazole ring: unsubstituted, 1558 em~!; mono-, 1599-1576 em~'; di-, 1636-1595 
[1617 + 12];* tri-substituted, 1666-1610 [1648 + 18]. The range for disubstituted 
compounds is wider than it would otherwise be, because of interaction between this 
mode and the NH, scissor deformation in amino-compounds. This was established 
by deuteration of the amino group; for 5-amino-3-methylisoxazole the ring band 
moved from 1636 to 1603 em~'!; for 3-amino-5-phenylisoxazole a smaller shift from 
1629 to 1626 cm~' was found. Similar interaction probably occurs in the other 
amino-compounds. 

The intensity is (50-145) [(90 + 30)]* except for the unsubstituted compound 
and for compounds which contain a strong electron-donor group (NH,, NHAc, OMe, 
OEt) at the 3- and 5-positions, or a strong electron-acceptor group (NO,, CO,R) at 
the 4-position (Tables 1 and 2, nos. 4-7, 14-18, 20-22, 24-29, 33) which cause absorp- 
tion up to much higher values (125-650) [(335 + 155)]. In six-membered hetero- 
aromatic compounds, the position of the first ring stretching frequency varies 
directly with the electronic interaction between ring and substituent; this relation- 
ship has been supported theoretically [7], and been shown to hold for heteroaromatic 
compounds with five-membered rings [1, 2]. 

The combinations of substituents and ring positions found to give high intensities 


are just those for which there is high conjugation between substituent and ring, 


e.g. (VII) <>(VILD), (IX) (X), (XI) (XII). 


* Square brackets enclose arithmetic means and standard deviations of readings, and parentheses 
enclose apparent extinction coefficients. Shoulders, and, for the extinction coefficients, superimposed 
bands, are not included in the statistical treatment. 

[7| A. R. Karrirzxy, J. Chem. Soc. 4162 (1958). 
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Ring stretchina hands at ca. 1500-1400 em 


In general, three bands are found. Insufficient mono-substituted compounds are 


available for generalization but for di- and tri-substituted compounds these bands 


are found at 


substituted 


1518-1473/1493 1487/1507 
1473-1427/1453 14 1480--1440/ 1469 8) 
1435-1405 [1416 1451-1407 [1434 13) 


The overall intensities are very variable, but may be correlated with the substituent 
tvpe. Substituents are « sified is donor (NH,, NHAc, OH, OR), acceptor (CO_R, 
COR, NO,) and others (CH,, Et, Ph, Cl) according to their electronic properties. 


In the following table. the means. and. when three or more values are available. the 


standard deviations, are quoted 


Third band 


160 
120 
30 


The 1200-1100 region 


plane CH deformation modes should absorb hereabouts, and there should be 


one band for each hydrogen atom attached to the ring (Table 1, col. 5). A weak band 


at LI7S—-1116 (5-15) [1144 21 (10 5)] appears to be connected with a 


single hydrogen in the 4-position and may be the SCH mode. The three available 


compounds with a single hydrogen in the 5-position absorb at 1155 em~! (75-85). 


\bsorption in this region for trisubstituted compounds (Table 2, cols. 5 and 6) is 


presumably due to the methyl groups, possibly rocking modes, although these are 


usually found at lower frequencies for methyl groups attached to aromatic rings. 


The 1100-700 em requon 


Many compounds both di- and tri-substituted show weak absorption at 1060 
1019 em! (5-55) [1035 9 (20 10)) (Table 1, col. 6; Table 2, col. 7). The 


origin is uncertain, frequently it may be due to a methyl rocking mode, but some 


compounds not containing methyl groups also absorb in the region. 


The ring breathing mode (Table 1. col. 7: Table 2, col. 8) is considered to absorb 


at 1028 cm~' in isoxazole itself and at 1022-978 [1000 + 11] em~' in the substituted 


compounds; variation within this range appears to be random. The intensity is 


usually quite low (5-55) |(30 — 15)] with the exception of certain esters (Table 1, 
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nos. 9, 10, 12) where it is (85-160). In isoxazole and trimethylisoxazole the Raman 
intensity is quite low, which is unusual for a vibration of this type; however, in the 
monomethyl and dimethyl! derivatives studied, the intensity is considerably higher. 
The mono- and di-substituted compounds show a band (Table 1, col. 8) of unknown 
origin at 982-916 em~! (0-80) [962 12 (25 20)}. 

A well-defined band (Tables 1 and 2, col. 9) is found at 932-867 [898 + 17] em-1 


except for isoxazole itself where the frequency is depressed to 845 em~! and is con- 
sidered to be the ring deformation mode (V1). The intensity is in the range (10-70) 
((40 + 15)]. Although closely related compounds usually have similar positions 
and intensities, there is no simple relation between the variations in these quantities 
and the structure. 


H out-of-plane bending modes 


BorELLO [6] assigned bands at 915 and 777 cm~! (liquid) to two of the three ex- 
pected y-CH modes of isoxazole. He also reported a shoulder at 902 cm~-! in the 
liquid-phase spectrum which in chloroform solution we find as a peak at 899 em~! 
and assign to the third y-CH mode. Califano et al. [5] assigned a band at 1033 em=! 
in the Raman spectrum to a y-CH mode; we feel that a vibration of this type is 
unlikely to oceur at so high a frequency. Our assignments for 3- and 5-methyl- 
isoxazole also differ from those earlier suggested [6]. 

A band of A’-symmetry type at 782 em~! in the spectrum of 3:5-dimethyl- 
isoxazole was assigned by BoreL.o [6] to the one expected y-CH mode. The di- 
substituted isoxazoles showed absorption at 820-768 em~! (45-150) (Table 1, col. 10), 
although this was often obscured by solvent absorption in the spectra of compounds 
which could not be run as liquid films, and this is considered to be due to the 
out-of-plane C—-H bending mode. 


Absorption due to substituents 
Methyl groups 


Compounds carrying a methyl! group in the 3-position show a band at 1386-1372 
em~! (10-25) [1380 5 em~! (20 + 5)] (Table 3) and those with a 4-methyl group 


Table 3. 3-Methy!l groups 


Substituents Substituents 


1377 
Me 1372 
CO,Me 1378 
CO,Et 1375* 
NH, 1380 15 
NHAe ( 
Me Me 1384* 20 
Me NH, 1382* 20 


For explanation of symbols, see footnotes to Table 1. 
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Me NHAec ( ) 
Me OFt 1383* 50 
Me OMe 1379 25 
NH, Me 1386 25 
NHAc Me 1382* 50 
Cl Me 1386 10 
NO, Me (—) 


A. R. Karrirzxy and A. J. 


absorb at 1396-1391 em~! (35-65) and 963-936 em! (5-45) (Table 4). The bands 
near 1380 em-! are almost certainly due to CH, symmetrical bending modes; that 
near $40 may be a vC—C vibration. Absorption in the 1200-1100 region 
and near 1030 em~', possibly due to CH, rocking modes, has been mentioned above. 


Table 4. 4-Methyl groups 


Substituents 


Me Me 304 35 
Me NH, 396 50 
Me NH 392* 80 
Me 3042 135 
Me OMe 302 35 
Me OH 304 60 
Ph OMe 3918 100 


For « xplanation of sy mbols see footnotes to Table 1. 


Phi nyl grou ps 
Bands assigned to phenyl groups are listed in Table 5. The frequency of the band 
usually found near 1600 em for monosubstituted benzenes is depressed to ca. 


1580 cm-! (this may be diagnostic for phenyl groups attached directly to isoxazole 


Table 5. Phenyl! bands 


Substituents Ring stretching modes B-CH 


A (cm 1) &4 


14967 11441 30 1072 30. «(1027 
| 1610 


1598 1494 5 1451 105 1073 60 1029 
1579 
Ph 1581 1486* 1450 90 1072 2) 
NH, 1582 14525 130 1076 20 
NHAc 1586 ( 1064 15 =1027 
OMe 1584 ( 1079§ 40 10223 
OMe 1577 1451 1073 20 ( 


® Additional band found at 1260 (15). 
Additional bands found at 1320 (25), 1307 (45), 1283 (15), 1182 (15), 1150 (20), 976 (70), 946 (75). 
For « xplanation of other symbols, see footnotes to Table l. 


rings). The intensities indicate that considerable interaction occurs between the 
two rings: the band is much weaker for the phenyl groups of the trisubstituted 
isoxazoles suggesting that steric hindrance causes non-planarity and lower inter- 
action. Intensities and positions of the other bands are as expected [8}; triphenyl- 
isoxazole shows a number of additional bands. 


(8] A. R. Karrrrzxy and J. M. Lacowsxt, J. Chem, Soc. 4155 (1958). 
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Methoxy- and ethoxy-groups 

These bands are listed in Table 6 with assignments based on previous work [9]. 
For the methoxy-compounds, the asymmetrical CH deformation is usually hidden; 
the symmetrical mode is found at 1422-1414 em~! (260-460), i.e. at considerably 
lower frequencies and higher intensity than previously found. This probably 
reflects the influence of the oxygen atom adjacent to the OMe group (cf. discussion 
in [9}). The two vC—O modes absorb in the general regions expected, although the 
vO—alkyl is found at rather lower frequencies than before. 


Table 6. Alkoxy-compounds 


Substituents OCH, v¥C—O 
—— def. — 
(em™!) (em™~!) (em!) 


35 


OMe* 1422 260 11298 as (CHCI,) 985 130 
{1317 45 
Me OMe 1414 460 11304 35 1167 18 1014 200 
Me OMe» 1417 330 1272 120 1210 110 1006 90 
{1394 135¢ 
Me OE ° 27 0 20 20 027 7 
le Kt 11361 150 1271 1! 1204 ] 1027 70 
lie Additional bands at 1066 (90) and shoulder at 915 (15). 
17 >» Band at 1462 em~! (120), strongly overlapped, is probably asym CH, def. 
© Characteristic of OEt group. 
96] For explanation of other symbols, see footnotes to Table 1. 


Additional bands for the ethoxy compound at 1115 em~' (25), 1091 (10) and 
919 (35) are in good agreement with previous work [9] and are accordingly assigned 
to methyl in- and out-of-plane rocking modes and the vC—C mode, respectively. 


Carboxylic esters 

Tables 7 and 8 list bands assigned to the alkyl groups and Table 9 those assigned 
to the group C-CO-O, on the basis of previous work [3, 10], with which good agree- 
ment is shown. For the ethyl esters, the low intensity of the CH, wagging mode for 
two of the compounds is noteworthy; this phenomenon is comparatively rare [10]. 


The rvC=0O for ethyl esters are 3-8 cm~! lower than those for the corresponding 


Table 7. Methoxy group of methyl esters 


Substituents CH, CH, rock, CH, rock, 
_ a s-bend in-plane or skeletal out-of-plane 


5 (em!) (em™?) (em-!) 


1400* 941 
955 
CO,Me (—) 934 


® Additional bands found at 1393 (85) and 1369 (60). 
For explanation of other symbols see footnotes to Table 1. 


[9] A. R. Karrirzxy and N. A. Coats, J. Chem. Soc. 2062 (1959). 
[10| A. R. Karrirzky, J. M. Lacowsk1 and J. A. T. Bearp, Spectrochim. Acta 16, 954 (1960). 
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OCH, 
3 (em!) 
3 
CO.Me 30 
CO.,Me 10 851 20 
Me - 15 828 50 


A. R. Karrirzky and A. J. Boutton 


methyl esters, a well known occurrence [10]. The frequencies of the 3-, 4- and 5- 
alkoxycarbonyl compounds are, respectively, 9-12, 2-8 and 17-18 em~ higher than 
for the corresponding alkyl benzoate, indicating that the isoxazole ring releases 
electrons less readily than the phenyl ring at all its positions in the order: Ph > 
41 > 31 > SI (I indicates the isoxazole ring, and preceeding number the position). 
This order is in accord with chemical evidence [11]. Electron densities calculated 
by the m.o. method [12] indicate a somewhat different order: 41 > Ph > 51 > 31. 


Table 8. Ethoxy group of ethy! esters® 


Substituents ‘ H, bend 
asym ag skeletal 


‘ 4 | (em!) ) ‘ (em™") 


CO,Et Me 1473° 120 1449° 380 § «2 1019 
CO,Et Me 1471° 40 «1449 40 5 1016 
Me CO,Et ( (—) 392 25 1014 


® CH, rock near 1090 cm is hidden. 
For explanation of other symbols, see footnotes to Table 1. 


Table 9. Esters CCOO group 


Substituents 


1300 

1298 ° 

1312 

1311 25 (CHCI,) 


28 36 1221 
1305 3 1207 


For explanation of symbols, see footnotes to Table 1. 


We have measured the pA, values of the corresponding acids (by the titration 
method, estimated standard error +0-15 unit) as 5-methyl-3-, 2-75; 5-methyl-4-, 
3°85; 3-methyl-5-carboxylic acid, 2-70 pA units. These acids are all stronger than 
benzoic (4-20) and indicate an order Ph > 41 > 51 ~ 31, in good agreement with 
the infra-red data. 


3 :5-Dimethyl-4-nitroisoxazole 

The asymmetric »yNO, is found at 1516 em~! (390); this frequency indicates that 
the hetrocyclic ring is a fairly weak electron donor at the 4-position [13]. Two bands 
at 1380 em~! (290) and 1363 (260) are assigned to the symmetrical »yNO, mode, in 
agreement with the work of VAN VEEN ef al. [14] who showed that this frequency 
was considerably raised by steric hindrance. Additional bands are found at 1281 
em~ (65) and 826 (280) as in most nitro-compounds [13]. 


3-Acetyl-5-methylisoxazole 


The rC=—O mode absorbs at 1701 em~! (410) again indicating that the isoxazole 
ring does not readily release electrons at the 3-position (acetophenone vC=-O 1680 
em~! [1]). Other methyl ketone bands are found as expected [1]. 


. Karrirzxy and J. M. Lacowsk1, Heterocyclic Chemistry. Methuen, London (1960). 
2. Once, T. L. Corrretyt, W. Dick and L. E. Swrron, Trans. Faraday Soc, 47, 113 (1951). 
. Karrirzxy and P,. Simmons, Rec. trav. chim. 79, 361 (1960). 
A. vAN VeEN, R. E. Verkape and B. M. Wepster, Rec. trav. chim. 76, 801 (1957). 
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ae" 
‘ti 125 BOS 25 S32 MO 
155 855 25 827 70 
35 331-20 
CO.0 
vt 
3 4 5 A (em™*) (em™~*) (em™*) e, (em™") 
CO Me Me 1733 440 1310° 1276 30 CHCI,) 1185 1105 75 
CO,Et Me 1727 380 70 1101 125 
CO Me 1726 540 40 1192 40 1108 410 
COLEt Me 1723 $50 1103 490 
CO Me 1721 410 0 1105 410 
Me CO Me 1741 360 - 1100 
fll 
12 
> 
13 
(14) 
j 
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Other bands 


Absorption of amino- and acetamino-groups has been discussed elsewhere in 
connexion with the tautomerism of these compounds [15] as has that of the hydroxy] 
group. Some methyl isoxazoles show unexplained bands in the 1200 em~' region: 


Substituents 


1269 

{1334 

(1228 

Me Me 1258 
Me Me Me 1268 
Me Cl Me 1260 


15) A. J. Bourton and A. R. Karrirzxy, Tetrahedron 12, 51 (1961). 
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Abstract—Infrared absorption data in the region 5000-290 cm™ have been obtained for 
twenty-four metal derivatives of acetylacetone. Shifts in the absorption maxima as the metal 
ion is varied are more pronounced at frequencies lower than 600 cm~!. Among the factors which 
appear to influence the changes in observed spectra are: (1) crystal structure; (2) ionization 
potential, ionic charge, mass and radius of the metal; (3) participation of inner orbitals in the 
metal—ligand bonding; and (4) covalent bonding. Spectral features which are consistent with 


ligand field theory are discussed. 

Introduction 
Tue infrared spectra of the metal acetylacetonate compounds have been studied 
frequently [1-10] to provide information about the nature of the metal-oxygen 


bond. Except for the derivatives of the divalent ions, Co, Ni, Cu, Pd[8, 9] and of 


the trivalent ions Al, Fe, Mn, Cr [10], the spectra have been observed only in the 
NaCl region, where the metal-oxygen vibrational modes are not likely to appear. 
In the present investigation the infrared spectra of twenty-four metal acetylace- 
tonates have been obtained in the 5000 cm~! to 290 em~! region. For those com- 
pounds which had been studied previously, the absorption frequencies found are in 
satisfactory agreement with the earlier work. Absorption band centers of thirty 
acetylacetonates are compared in Table 1. Typical spectra obtained in the CsBr 
region are illustrated in Figs. 1 and 2. Variations in the infrared absorption 
frequencies with change in metal ion are discussed. 


Experimental 

Standard methods [11] were used for the preparation of all of the acetylacetonates except 
zirconium (IV) acetylacetonate and vanadyl acetylacetonate, which were secured commercially. 
All of the compounds were purified by recrystallization and subsequently dried or sublimed in 
vacuo. The infrared spectra were automatically recorded with a Beckman model IR-4 spectro- 
photometer equipped with NaCl or CsBr prism-interchange units. Each compound was 
determined as a split mull, i.e. with Halocarbon oil, series 11-14 (obtainable from Halocarbon 
Products Corporation, 82 Burlews Court, Hackensack, New Jersey) as the mulling agent in the 
region 5000 cm™! to 1325 em™, and Nujol in the region 1325 cm™! to 290 em=!. Weighed amounts 


1] J. Lecomrr, Discussions Faraday Soc. 9, 125 (1950). 
2} C. Duvar, R. FreyMann and J. Lecomrer, Bull. soc. chim. France 19, 106 (1952). 
3) L. J. Bettamy and R. F. Brancn, J. Chem. Soc, 4491 (1954); L. J. G. 8. Spicer and 
J.D. H. Srrickianp, Ibid, 4653 (1952). 

[4 R. MecKE and E. FUNCK, Z. Elektroc hem. 60, 1124 (1956). 

5) R. L. Betrorp, A. E. Martrect and M. Carvin, J. Inorg. & Nuclear Chem. 2, 11 (1956). 

6) H. F. Hoirzcraw and J. P. Cottman, J. Am. Chem. Soc. 79, 3318 (1957). 

{7 R. West and R. Rirey, J. Inorg. & Nuclear Chem 5, 205 (1958). 

[8] K. Naxamoro, P. J. McCartruy and A. E. Marrecr, Nature 183, 459 (1959). 

9| K. Nakamoto and A. E. Marrett, J. Chem. Phys. 32, 588 (1960). 

10| A. Foreman and L. E. Orcer, Mol. Phys. 2, 362 (1959). 
{11} F. C. Fernetius, Inorganic Synthesis Vol. 2. McGraw-Hill, New York (1946). 
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Fig. 1. Infrared absorption spectra of metal acetylacetonates. 
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Fig. 2. Infrared absorption spectra of metal acetylacetonates. 
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of the acetylacetonates were mechanically ground to a fine particle size in an alumina mortar 


using the Fisher Mortar Grinder. Grinding was continued after the addition of the mulling 
agent. The time of grinding was approximately the same in all cases and the ratio of sample to 


oil was generally of the order of 2-5 mg per drop. 


Results and discussion 
The region 5000 cm~! to 1650 em~'! is excluded from this discussion since the 
only bands observed were those near 3000 cm~'! attributable to C—H vibrations. 


The remaining frequency range studied is divided into three regions: 1650-1300 


em~', 1300-600 em~' and 600-290 em~!. Each region will be discussed separately. 


Table l(a). Observed absorption frequencies of acetylacetonates of monovalent and 
divalent metal ions 


NIA, CuA 


2 
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The infrared absorption spectra of metal acetylacetonates 


1650-1300 region 


Examination of Table l(a) and (b) shows that spectra of all of the metal 
acetylacetonates exhibit essentially the same absorption band centers in this region. 
However, as first pointed out by Lecomre [1], minor variations in the prominent 
absorption regions (numbered 1, 2, 3a and 3b) occur as the metal ion is changed. 
Band assignments and frequency ranges over which absorption has been observed 


Table 1(b). Observed absorption frequencies of acetylacetonates of trivalent and 
tetravalent metal ions 


AIA, GaA, nA, ScA, Cra, CoA, 


(1)? 16216 1600s 159 1565 1587s 1592s 1600s 


155568 1550s 1542 153is 154368 927 1541s 
«2) 
1504 
1460s8n 14536n 1435m 1460w 1439s8h 14496h 1458 
1408s 1410s 13936 1399m 1401s 14038 
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1277m 1260m 


1180vw 


676m 
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568m 560m 
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a) Reference 2 


-1 -1 
b) YA, was examined throughout the entire region as a Nujol mull. No data are recorded for the region 1500 cm to 1300 cm 
to the strong interfering absorption of the mulling agent 


ve * very strong, 6 * strong, ™* medium, w= weak, shoulder, vwe very weak 


¢ The numbers correspond to the prominent absorption regions discussed in the text under 1650 - 1300 em”! region. 
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by different investigators are shown in Table 2. Attempts to establish a correlation 
between the stability of the complex and the frequency of the bands empirically 
assigned to carbonyl modes have resulted in some conflicting views. BrLLAmMy and 
Brancu [3] found only slight variations of the most intense band in the region of 
~1600 cm~! and thus reported no apparent relation of the frequency shifts to 
chelate stability. Contrary to this observation, other investigators [6, 7] have 
found that the frequency of the first absorption band below ~1650 em~! decreases 
as the stability constant of the complex (or ionization potential of the metal) 
increases. The trend has been observed for divalent metals and a few trivalent 
metals, but not for monovalent metals. 


Table 2. Frequency ranges (em~') and band assignments in the absorption regions 
between 1650 and 1300 


Empirical assignments Theoretical assignments 


West and Present After After Meck: Based on work of 
Ritey, 18* | work, 24*  Lecomre [1 and Funck [4] Nakamoto and Marre. [9] 


1562-1550 1612-1560 1630-1567 Asym. CO str. CO atr. Asym. CC str. 

1534-1500 1529-1506 1560-1517 COC str CC str. Sym. CO str.* 

1460-1447 1474-1424 1486-1431 CH, def CO str Asym. CO str. + CH bendt 
1403-1310 1415-1360 1429-1357 Sym. CO str. CH, def CH, deformation 


* The numbers refer to the number of compounds used in establishing the frequency range. 


+ This assignment is not applicable to cupric acetylacetonate and perhaps palladium acetylacetonate 


which have two absorption bands in region 2 and little or no absorption in region 3a. In these cases, the 
higher frequency band of region 2 is assigned to the symmetric CO stretch and the lower frequency one to 
asymmetric CO stretch coupled with CH bend [9]. 


Following the theoretical assignments given in Table 2, the present data show a 
roughly linear relationship between the absorption frequency of region 2 and the 
ionization potential of the metal for certain groupings. As shown in Fig. 3, the 
band shifts to higher frequency with increasing ionization potential, the trend 
occurring with monovalent, divalent and trivalent complexes. Furthermore, the 
order of increasing frequency is the same as that of stability for the divalent 
transition metal, except for the palladium complex (from [7]) which probably 
deviates because of its larger mass or the different conditions under which the 
spectrum was obtained. The direction of the shift is the reverse of that previously 
reported. It has been suggested by HoLtrzcLaw and CoLLMAN [6] and by West and 
RiLey [7] that as the metal-oxygen bond strengthens, the carbonyl bond weakens 
and thus its stretching frequency is lowered. This condition is expected in the case 
of salicylaldehydo complexes where the carbonyl group remains essentially double 
bonded in character. Indeed, Bettamy and Brancu [3] have shown that the order 
of increasing stability constants is the same as that of decreasing carbonyl] frequency 
for complexes of Mg, Zn, Cd, Ni and Pd with salicylaldehyde. However, with 
acetylacetone derivatives X-ray crystallographic data [12-14] indicate that the 
pairs of metal-O, C—O and C—C bond distances are equal. Furthermore, the 
C—O bond distances are not appreciably different from those in the unchelated 


t. B. Roor, Acta Cryst. 9, 781 (1956). 
\. Saucam, Doklady Akad, Nauk S.S.S.R. 81, 853 (1951); See Chem. Abstr. 46, 3894 (1952). 
AMirTHALINGAM, V. M. PapMANABHAN and J. SHankar, Acta Cryst. 13, 201 (1960). 
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molecule. Such symmetrical resonance-stabilized structures are not likely to show 
extreme variations in carbonyl absorption with change in metal ion. Even if slight 
rariations are noted, the structures do not require that the associated carbonyl 
frequencies decrease. 

While it has been possible to show some degree of linear dependence of the 
frequency of band 2 upon ionization potential, significant deviations indicate that 
other effects should be considered. The considerably different slopes of the curves 
(Fig. 3) for divalent transition-metal chelates and other divalent metal chelates 

1570 


FREQUENCY, 


20 25 30 0 5 20 
ONIZATION POTENTIAL, eV 
Fig. 3. Frequency of the second absorption band vs. ionization potential (first, second and 
third i.p. for univalent, divalent, trivalent ions, respectively). 
suggest the possibility of the participation of 3d-orbitals in the metal—ligand 
bonding. Other important points to consider are the crystal structure of the 
complex and the configuration of the free ion. For different crystal structures, 


relative positions of the atoms are changed. This results in changes of the force 


constants and consequent shifts in the absorption frequencies. Since most of the 
existing data have been obtained in the solid state under a variety of experimental 
conditions, it is quite possible that lattice or crystal field effects which cause 
shifting, broadening and increase in the number of bands have led to dubious 
correlation. Further work on this region is being carried out in this laboratory. 


1300-600 region 
Although the main absorption bands in this region are ascribed to the ligand, 
there is evidence for metal ion contribution in the bands between ~900—1100 em=! 
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and ~600-800 em~?. The presence of the MO bond in a number of compounds 
including two acetylacetonates has been correlated with a stretching frequency in 
the range 900-1100 em~' [15]. Metal-oxygen stretching modes for the acetylace- 
tonates in this region would hardly be discernible since their frequencies would 
coincide with or underlie strong absorption bands of the ligand. The data in 
Table 1 show only one absorption band near 1000 em~! and one near 900 em! for 
most of these compounds. Notable exceptions are the additional bands near 
1000 em~' in the spectra of the lightest divalent and trivalent metal derivatives— 
Be and Al, respectively—and in that of the vanadyl ion, VO**, complex. It is 
interesting to note that near 900 cm~! slight variations in the position of the band 
occur as the metal ion is changed but only in the case of the tetravalent thorium 
complex is there more than one absorption peak. Based on theoretical analysis [9] 
and some supporting experimental data [10], the region between 1300 and 600 em~! 
could very well represent the overtone or combination region for metal—oxygen 
fundamental modes which are thought to appear at frequencies lower than 600 
em~'. Further theoretical work and a knowledge of the crystal structures of the 
acetylacetonates are required to support this statement. 

Absorption bands appearing between 600 em~! and 800 em~! vary in number 
and position with the metal. No clearly defined pattern for the variation seems 
obvious. The behavior suggests that the transitions arise from a coupling of 
vibrational modes rather than a pure metal-oxygen vibration. Indeed, it has been 
shown by theoretical treatment [9] that in this region for copper acetylacetonate 
the Cu—O stretching vibration couples with a ring deformation and with a C—CH, 
bending motion. 


600—290 region 


Absorption bands below 600 em~! appear to be sensitive to the metal, suggesting 
a correlation with one of the metal-oxygen stretching modes. For chelates of the 
ions with inert gas configuration, viz., alkali and alkaline earth metal ions, 
complicating effects of covalent bonding and resonance involving inner orbitals are 


not present to influence the metal—ligand vibration. Similarly, derivatives of 


trivalent Al, Ga and In should not be affected by resonance effects related to inner 
orbital participation although they may be affected by covalent bonding. The 
strength of the metal-oxygen bond should increase with increasing ionic charge and 
with decreasing ionic radius of the metal ion. Since the metal—ligand bond strength 
is directly related to the metal-—ligand stretching force constant, it is expected that 
the frequency of the M—O bond will follow the order Al, Ga, In > alkaline earth > 
alkali metal. Within a given group the higher vibrational frequencies will be 
associated with the ions of smaller radii. The data collected in Table 3 for the 
region between 500 and 600 em~' are consistent with this trend. Deviations are noted 
with derivatives of lithium and beryllium. Certainly absorption in this vicinity is 


metal-sensitive. Near 420 cm~! an intense absorption band which appears to be 
less dependent on the metal was observed in all of these chelates. 
For the remaining chelates, which are complex compounds of transition metals, 


[15} C. G. Barractoven, J, Lewis and R. 8. Nynorm, J. Chem. Soc. 3552 (1959). 
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the spectra below 600 cm~! are markedly different. For chelates of salicylaldehyde, 
glycine, 8-hydroxyquinoline, and ethylenediamine with different divalent ions, the 
stability of the complex follows the order Pd > Cu > Ni > Co > Zn regardless of 
the nature of the ligand [16}(p.190). Pd and Cu, which are capable of forming square- 
planar complexes (dsp*-bonds), form the most stable complexes. The other ions 
form tetrahedral complexes. Extending this order of decreasing stability to the 


derivatives of acetylacetone, it is expected that the M—O bond frequency will 
decrease in the same order. Indeed the frequencies (em-') of two bands in this 
region follow this sequence. (7) Pd > 621 (Cu) > 592 (Ni) > 580 (Co) > 565 (Zn) 
and 465 (Pd) > 459, 435 (Cu) 427 (Ni) > 425 (Co) > 426, 393 (Zn). (Value for 


Table 3. Effect of ionic radii* on vibrational frequencies between ~500 and 600 em= 


a®+ Sr*+ Ba? Al** Ga** In** 
Ionic radius (A) 0-68 0-98 1-33 0-30 0-65 0-99 1:10 1-29 0-45 0-60 0-81 
568 sh 57 


550 53% 526 585 581 577 


Frequency (em) 477 495 446 438 


* Tonic radii values from J. A. A. Kereraar, Chemical Constitution p. 28. Elsevier, New York (1958). 


the Pd complex was reported in [8].) Differences in spectra below 600 em~ are also 
observed in the octahedrally co-ordinated compounds of the trivalent transition 
metals and in the derivatives of Th** and Zr4 

It is generally agreed that complex compounds of the transition metal ions owe 
their stability, at least in part, to covalent bonding between the ligand and the 
metal ion. It is interesting to point out some of the features of the infrared spectra 
of the acetylacetonates which are consistent with ligand field theory [17, 18]. The 
ligands in the complex produce a field which causes the degenerate inner orbitals to 
split into groups with different energies. The field arises either from electrostatic 
forces or from bonding between the central ion and the ligand or both: the correct 
amount of each can be proportioned to fit the experimental findings. As a result of 
the splitting the inner electrons acquire a stabilization they would not have in the 
absence of the ligand field. Most of the transition metal complexes of acetylacetone 
are known to have an octahedrally or tetrahedrally co-ordinated metal ion. The 
medium strength ligand field splits the fivefold degenerate d-orbitals into the triply 
degenerate ¢,,-orbitals (d,,, d,,, d,,) and the doubly degenerate e,-orbitals (d,s 
d,s). In the octahedral configuration the ¢,,-orbitals lie lowest; while in the tetra- 
hedral configuration the ¢,-orbitals lie lowest. Further splittings and mixing of 
orbitals occur but these are of no concern here. There may be covalent bonding 


16) A. E. MarTevt and M. Catvrin, Chemistry of the Metal Chelate Compounds Prentice-Hall, New York 
(1952). 
[17] W. Morrirr and C, J. Battuavusen, Ann. Rev. Phys. Chem. 7, 107 (1956); see also literature cited 
therein. 
[18] J. D. Dunrrz and L, E. Orcet, J. Phys. Chem. Solids 3, 20 (1957). 
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between the metal ion and ligand, leading to small increases in the splitting 
between the triplet and doublet orbitals. Magnetic susceptibility measurements 
indicate that the complexes of Cr?*, Mn**, Fe** [19], Ni?* and Co?* [16] (p. 214) 
are paramagnetic. The d-electrons involved fill the ¢,,- and ¢,-orbitals in accordance 
with Pauli’s principle and Hund’s rule. The ground term of the ion in the complex 
is orbitally degenerate for ions in octahedral sites having configurations d', d?, d*, d®, 
d? and d®, and for ions in tetrahedral sites having configurations d', d*, d4, d®, d® and 
d®. According to the JanN—TELLER theorem [20], such orbital degeneracy is removed 
by distortion of the ligands to a configuration of lower symmetry and energy. The 
degree of the distortion varies with the ion and is dependent on the bonding or 
antibonding power of the electrons. Considering only those complexes believed to 


Table 4. Electronic assignments and Jahn-Teller distortions for ‘‘ionic complexes” 


Electronic ; 
Ion Octahedral Tetrahedral* Distortion 
configuration 


Cr** None 
Mn** d* Large 
Fe** ads None 
d? (¢ (t,)* None 
Ni?* d® (e)4 (t,)* Large 


* The symbol ¢, refers to the d,,, d,, and d,, orbitals. 


be “ionie’’ [21], strong Jahn—Teller distortion is expected ford*- and d*-configurations 
in octahedral co-ordination and for d*-, d4-, d*- and d*-configurations in tetrahedral 
co-ordination. Weak, and perhaps undetectable, distortion is expected for d'-, d*-, 
d®- and d7-configurations in an octahedral field and for d'- and d*-configurations in 
a tetrahedral field. The electronic assignments and expected distortions for com- 
plexes studied in this work are shown in Table 4. Distorted configurations are 
anticipated in the manganese and nickel complexes. Since these distortions 
involve changes in the metal-oxygen bond lengths one would expect to find 
significant complexity in the region of the spectrum which corresponds to metal— 
oxygen vibrational modes. Evidence of the Jahn-Teller effect in manganic 
acetylacetonate based on infrared data has already been reported by FoRMAN and 
[10]. Two metal-sensitive regions, 550-600 em~! and 400-460 cm~', were 
observed in the spectra of the complexes of Cr**, Mn**, Fe** and Al**. Strong 
distortion in the manganese compound gives rise to two different strengths for the 
six Mn—O bonds; i.e., depending on the direction of distortion, four bonds will be 
weak like Fe—O bonds and two bonds strong like Cr—O bonds, or vice versa. As a 
result of this distortion a manganic acetylacetonate spectrum is obtained which is 
very closely approximated by superposing the spectra of the chromium and iron 
complexes. The spectral data herein reported are corroborative. In addition, by 
extending the region of measurement to 290 cm~', a third metal-sensitive region 


[19] H. S. Jarrett, J. Chem. Phys. 27, 1298 (1957). 
(20) H. A. Jamw and E. Tetter, Proc. Roy. Soc. (London) A 161, 220 (1937). 
{21} L. Pautine, Nature of the Chemical Bond. Cornell University Press, Ithaca, New York (1939). 
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has been observed. A band appearing at 400 cm-! in the Al®* compound is shifted 
as follows: Cr(360), Mn(339), Fe(301). 

In the acetylacetone complexes of divalent Co and Ni the metal ions oceupy 
tetrahedral sites. Distortion from the tetrahedral symmetry is expected for the 
nickel complex which has orbital degeneracy with respect to the antibonding 
t,-orbitals. The triple degeneracy can be lifted by any distortion which lowers the 
symmetry of the complex. If only tetragonal distortion occurs, the symmetry will 
be lowered by either a flattening or elongation of the tetrahedron along a rotation— 
reflection axis. The frequency of the metal-oxygen vibration would increase or 
decrease according as the bond lengths decrease or increase. It is not possible to 
predict from the infrared data obtained here the type or direction of distortion. 
In the higher-frequency metal-sensitive region, 550-600 cm~!, the absorption band 
appears at a higher frequency in the spectrum of the nickel complex than in the 
cobalt complex. This implies bond strengthening, indicating that the distortion 
may perhaps, but not necessarily, flatten the tetrahedron. In the region, 400—460 
em~', a band observed near 425 ecm~! is not appreciably shifted as the metal is 
changed from cobalt to nickel. 

The chelate compounds of Cu?* and Co** cannot be interpreted in terms of the 
ligand field approximation applicable to “‘ionic’’ complexes. In both of these 
complexes covalent bonding is an important factor. The copper acetylacetonate 
has one high-energy orbital in the square plane with predominantly covalent 
bonding. The high stability and diamagnetism of the octahedral cobaltic complex 
strongly suggest the formation of a ‘“‘covalent’’ complex which must be treated by 
the strong ligand field approximation. In the strong octahedral field the splitting 
between the /,,- and ¢,-orbitals is large enough so that the lowest energy state is not 
obtained by keeping the electron spins parallel in accordance with Hund’s rule. 
The electronic assignment for the ground state of Co** in the complex is (¢,,)*, 
leaving the e,-orbitals available for covalent bonding. 

Of all the complexes studied, absorption between 430-500 em~ occurs only in 
vanadyl acetylacetonate and in those chelate compounds which possess near 
octahedral symmetry (trivalent ion derivatives excluding YA, and LaA,), or tend 
to form strongly covalent bonds (CuA, and CoA,). Bands appearing for the 
ranadyl complex may be attributable to the fact that the electronic configuration 
of the vanadyl ion is the same as that of trivalent titanium, Ti®*. On the other 
hand, there is probably strong covalent bonding, since the structure of the com- 
pound is tetragonal pyramidal [22], which is intermediate between octahedral and 
square planar. The absence of the 430-500 em! band in YA, and LaA, is not 
readily explained, particularly since the crystal structure and molecular point 
group of these complexes are not known. The tetravalent Zr and Th complexes 
probably have some type of octacovalent structure [16] (p. 324) rather than near- 
octahedral symmetry. The frequencies observed in the 400-460 em~' region for 
YA, and LaA, lie intermediate between those of the other trivalent ion derivatives 
and of the tetravalent complexes. 

Absorption between 400 and 290 cem~! was observed in most of the complexes. 


[22] R. P. Dover, University of California Radiation Laboratory Publication 8225; see also [15] above. 
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The bands were either insufficiently resolved to permit interpretation or followed 
no trend definite enough to warrant general deductions. 


Summary and general remarks 

The infrared absorption spectra of thirty metal acetylacetonates show 
essentially the same pattern in the region of frequencies greater than 1300 cm~. 
Minor shifts in the 1560-1510 cm~! region as the metal ion is changed are not easily 
correlated with any specific property of the ion. The variation in number and 
position of bands appearing between 1300 and 600 cm~ suggests the coupling of 
other vibrational modes with metal—oxygen stretching modes rather than the 
presence of pure metal-oxygen vibrations. 

Three metal-sensitive regions have been found at frequencies lower than 
600 ~510—600 em-!, ~400—-490 and ~400-290 For chelates 
of ions which do not belong to a transition series, the frequency of the vibration in 
the region ~510—600 cm~! decreases as the ionic radius of the ion increases for a 
given ionic charge. Some of the spectral features of the transition metal chelates 
are discussed in terms of ligand field theory. For octahedral and tetrahedral 
‘ionic’ complexes the surroundings of the ions are distorted by the Jahn-Teller 
effect whenever the ground term of the ion is orbitally degenerate. Such distor- 
tions serve to complicate the region of the spectrum corresponding to metal—oxygen 
vibrational modes. The complexes of copper(II) and cobalt(IIL) are ‘‘covalent”’ 
complexes which must be treated in the strong field approximation. In general, 
comparisons were made only between complexes whose crystal structures were 
known to be the same or very nearly so. Certainly considerable distortions of the 
surroundings result from various crystal structures. Unfortunately, all of the 
structures are not known. 
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suggesting this study, Mr. Arruur LanGcuorst, University of New Mexico, for preparing and 
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The optical spectrum of uranium in the 1-2-5 » region 
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Abstract—A list of 500 2°8U wavelengths and some associated isotope shifts for 22°U-—*°5U are 
given together with a short discussion on possible use of lines in this region for isotopic abundance 
measurements. From a study of the data, it is concluded that levels from the f4s? configurations 
do not lie near those from the ground state in UI. Some assignments of the lines as transitions 
between known levels are made and the existence of levels at 10,347-3 em™ and 11,545-4 em7! 
is doubted. 
Introduction 

THE advantages of the extension of knowledge of optical atomic spectra to the near 
infra-red region (1-3 «) and the provision of a list of wavelengths for help in the 
elucidation of the term structure of the spectrum has been discussed previously by 
Humpureys [1]. The particular value of such work (e.g. increased frequency 
accuracy and recognition of close lying levels) for the lanthanides and actinides has 
been stressed by Bovey and Srerrs [2]. 

The present work was concerned with uranium whose visible spectrum has been 
intensively studied and catalogued [3]. In common with the spectra of other 
lanthanide and actinide elements, it contains many thousands of lines. With the 
help of Zeeman effects, a preliminary classification of some of the strongest lines in 
the UI spectrum has been made and some of the lower configurations identified [4]. 
Parts of the ground state °Z multiplet belonging to the f*ds? configuration have 
been found as well as levels from another low-lying configuration f*d?s, 

From comparison with the analogous lanthanide element, neodymium, and 
other actinide elements, the configuration f4s? should also be low-lying in uranium 
[5]. If such is the case, the combination f4s*-f%ds* should give rise to strong lines 
but, although looked for, these have not so far been found. It was hoped that an 
examination of the infra-red spectra might give additional information on this 
aspect. 

Isotope shifts were also studied, and values obtained for most of the lines 
observed. This work was previously summarized in an internal report {6}. 


* Post-Doctorate Harwell Junior Fellow, 1956-1959. Now at Northern Polytechnic, Holloway 

Road, London N.7. 

[1] C. J. Humpnreys, Kgl. Fysiograf. Sdllskap. Lund Féoh. (Rydberg Centennial Conference) 65, 55 
(1954). 

[2] L. Bovey and E. B. M. Steers, Spectrochim. Acta 16, 1184 (1960). 

[3] J. R. McNAtiy, Review on Optical Spectra of Uranium, Chemistry of Uranium (Edited by J. J. Karz 
and E, Rasrnowircn) National Nuclear Energy Series Div. 8, Vol. 5, Chap. 2. McGraw-Hill, New 
York (1951). 

] C. C, Kress, C. J. Humpnreys and D. D. Lawn, J. Research Nat. Bur. Standards 37, 1 (1946). 
(R.P. 1729). 
J.C. VAN DEN Boscnu, Physica 15, 503 (1949). 
N. ATHERTON and L. Bovey, UKAEA Research Group Report, AERE R-3226 (1960), 
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Experimental 
Sealed sources containing either uranium chloride or iodide were used, excited 
by microwave radiation in a tuned cavity excitor [7]. The latter halide gave a 
much stronger uranium spectrum and was therefore used almost exclusively. 
The spectrometer was a |-m focal length Czerny—Turner (f/10) spectrometer with an 
“Ektron” lead sulphide detector system. Interference fringes of the Edser—Butler 
type from a Fabry-Perot etalon illuminated by white light and calibrated by 
URANIUM (GRATING ) 
Aan (238)=! 9029 MICRONS 


Dvac (2238)-5253 6 cm-' 
450mK 


Fig. 1. A grating scan of the uranium line at 1-9 4 emitted by a microwave-excited source 

tube containing approximately equal proportions of ***U, ***U and ***U. The longest 
wavelength is on the left. 1000 mk 1-Oem~', 

neon lines, were used for wavelength measurement. The entire procedure follows that 
used for the study of the plutonium spectrum by Bovey and Sresrs [2] except 
that some of the charts were measured on Benson—Lehner reading equipment [8] 
which allowed readings to be automatically recorded either on paper or on cards 
ready for subsequent data processing on machines. 

For measurements of isotope shift, separate source tubes were used for each of 
°C, =°U and **°U in addition to a tube containing a mixture in approximately 
equal proportions of all three isotopes. 

The height of each line above the average background level. expressed on a 
logarithmic seale to the base 2, was used as a measure of the intensity. This scale 
gives a convenient 0-10 range. Most of the lines were observed in both the first 
order and several higher orders; intensity measurements from the higher order 
were preferred because these avoid the disturbing effect of the grating blaze at 1-7 M. 

A few of the stronger lines were examined at higher resolution with a pressure- 
scanning Fabry-Perot interferometer. This work was part of a larger programme 
described elsewhere [9,10] and only the results are given here (Table 1). The 
7) L. Bovey and H. 8. Wisk, UKAEA Research Group Report, AERE R-2976 (1959). 
8) E. J. Pernericx, Data Processing. Benson—Lehner, July, 1959. 

R 


Beer and L. Bovey, Proc. Phys. Soc. (London) 66, 569 (1960). 
10) J. Rove and R. Beer, Infrared Phys. 1, 94 (1961). 
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Table 1. A comparison of isotope shifts measured by Fabry—Perot and grating 
spectrometer techniques 


Wavenumber Fabry—Perot Grating spectrometer 
in air Intensity 
(em?) 238-235 | 236-235 | Precision | 238-235 236-235 | Precision 


5255-04 . LO-O1 1-05 0-45 
5303-46 j 0-374 “15: 0-008 0-39 0-15 0-06 
5570-76 f 0-213 0-085 0-005 0-25 0-06 
5641-18 j 0-348 0-144 0-006 0-40 +0-10 


URANIUM (4mm) 
Aaim (238) -1:9029 MICRONS 
Dvac (238)= 5253-6 


238 235 236 238 235 236 


Fig. 2. A Fabry-Perot scan of the uranium line at 1-9 4 emitted by a microwave-excited 
source containing approximately equal proportions of **°U, *°*U and ***U. Tne wavelength 
decreases from left to right. 1000 mk 1-0 em=?. 
agreement between isotope shifts measured by the two methods is very satisfactory. 

Typical traces from each method are shown in Figs. | and 2. 


Results 
The main list, Table 2, gives the wavenumber and wavelength in air. and 
wavenumber in vacuo of each observed line. At least two observations were 


required for a line to be included. The precision varies to some extent with the 


quality of the line, and the value in each case is indicated (by the code letter) in the 
first column. Since the same conditions were used for both 7°°U and 7*5U, only 
random errors can affect the isotope shifts; hence a rather greater precision can be 
claimed for the isotope shifts than is justified by the absolute value of the 7°U 
lines. In fact, all the isotope shifts reported here are considered to be accurate to 
within +0-1 em~'; values less than this are regarded as not significant. Shifts are 
defined as positive when the wavenumber for ?°°U is greater than that for 7*°U; 
the fraction of positive shifts is 83 per cent. 

The list has been compared with data for iodine [11] and chlorine [12] and no 
lines due to either of these elements appear to have been included. 


11) Russece A. Fiswer and F. E. Esupacnu, J. Opt. Soc. Am. 44, 868 (1954). 
[12] C. J. Humenreys and E. Pavut, J. Opt. Soc. Am. 49, 1180 (1959). 
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The optical spectrum of uranium in the 1-2-5 region 


Table 2 also includes the wavenumber in vacuo of lines observed photo- 
graphically by Kress [13], together with his recorded intensity; only arc lines have 
been found. Experience with sources containing other actinides [14] indicates that 
the are spectra are preferentially excited, although the temperature at which the 
tube is running influences the distribution between arc and spark spectra. 

The region studied in this work includes the water-vapour absorption systems at 
1-4 and 1-8 uw. The separation of the absorption lines is of the same order of 
magnitude as the isotope shifts, so that relative intensities of ?°*U and 7°5U might 
be affected. This effect was definitely observed in the case of the line at 5366-5 em 
(air wavenumber); the **°U line occurs at 5365-8 cm~!, and was almost completely 
obliterated by the absorption line of water vapour at 5365-7 cm (NELSON [15)), 
measured in a separate experiment on the same apparatus. 


Table 3. Lines suitable for further investigation for isotopic abundance analysis 


Nearest neighbour 


Wavenumber Shift 

intensity (em7) Interval 
(em™~!) (em-}) Intensity 
5049-84 5 0-6 6-0 , 
5255-04 5 1-05 29-3 3 
5366-46 7 0-7 +-6-2 7 
7815-12 6 0-7 + 2-8 5 
9391-98 7 0-75 6-5 5 
9474-35 8 0-5 8-7 3 

10,422-45 4 0-6 24-3 : 

10,683-75 4 0-7 —29-4 4 

11,123-67 4 


Discussion of results 
(a) Isotope shifts 

The large shift obtained from several strong lines (notably the one at 5255 em~! 
with a *°*U—*5°U shift of about 1 em-) might allow such lines to be used for isotopic 
abundance measurements. In general, lines in the visible region have been 
preferred [16] because of the greater sensitivity of photomultipliers and lack of 
knowledge of data at longer wavelengths. In special cases where the absence of 
possible interfering lines is necessary, some of the lines shown in Table 3 might be 
used. 


(b) Term analysis 


An examination of the differences obtained by subtracting the wavenumbers 
of the stronger lines in Table 2 from each other gives no indication of any prominent 


[13] C. C. Kress, A summary of data from the Massachusetts Institute of Technology and National 
Bureau of Standards compiled by J. R. MCNALiy (1958). 

4| L. Bovey, E. B. M. Steers and H. 8, Wisk, UKAEA Research Group Report, AERE R-3225 (1960). 

5| R. C. Netson, Report No. IV, Contract NObs 28373. Dept. of Physics North Western University, 
Evanston, Illinois (1949). 

[16] Modern Approaches to Isotopic Analysis of Uranium, USAEC, TID-7531, Part 1 (1957). 
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energy-level scheme additional to that known already. It therefore seems unlikely 
that levels from f4s?-configuration lie within 10,000 em— of the levels arising from 
the /*ds*-configuration. It is hoped to re-examine this question when a machine 
programme capable of handling data more conveniently has been written, Some of 
the lines can be assigned to the existing term scheme for UI and are so indicated in 
Table 2. Lines arising from transitions between levels A, (11,545 em-!) D, (10,347 
em~') and other levels were not found and so the genuineness of these levels is 
doubtful. The existence of the A,-level had previously been doubted from the 
King-furnace work [17]. 

The data have not yet been examined for possible transitions belonging to the 
ULL spectrum. 

Where isotope shifts are known for the assigned lines, it is possible to contirm 
and extend the shifts in levels recently found by Drrrncer [18] from high-resolution 
work in the visible region. The accuracy of such shifts is not high but levels 7K,, 
°H,, *K,, C; and B, have shifts X, X, X 150, X — 550 and X + 50 mk respec- 
tively where X is the shift between *°5U and 2°*U for the ground state °L, (units 
in mk = 0-001 em~', sign convention as in Drrineerr). Application of the inter- 
ferometric techniques would increase the accuracy of these results. 


Conclusions 


As has been pointed out previously [2], the present work can be considered only 
a survey of the region. The resolution used has been limited by lack of energy, but 


very recent work in this Group has given extremely intense uranium sources so that 


this limitation has been considerably reduced. Such sources have given a far higher 


number of lines in short spectral regions re-examined. It is therefore possible to 


reduce slit widths and fully resolve lines which previously overlapped; the errors 


in wavelength determination are thus reduced. The recent development of larger 


gratings | 1%) and detectors together with such intense sources makes it very desirable 


that this work be repeated and extended on a higher-dispersion instrument than 


that used at present. An increase in the accuracy to 0-001 em~ (ef. recent work by 


Rank and colleagues [20, 21]}), should be then possible, and such accurate data 


together with supplementary information as knowledge of isotope shifts, hyperfine 


structure and Zeeman effects would effectively supplement corresponding informa- 


tion from the shorter-wavelength region of the spectrum with the inherent 


advantage of higher accuracy in frequency. 


Acknowledgements—We wish to thank D. Wurrt for assistance in the measurement of these 
traces, and J. E. Hartstone and J. D. Furtone (Theoretical Physics Division, AERE) for help 
in the subse quent compilation of data 
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[17) L. Bovey, Spectrochim. Acta 11, 539 (1959), 
18) M. Dirtncer, Compt. rend. 250, 828 (1960) 
119) G. R. Harrison Paper given at Fifth Meeting of the International Commission for Optics (1959). 

20) D. H. Rank, J. Opt. Soc. Am. 50, 657 (1960). 
(21) D. H. Rawk, G. Skormyvxko, D. P. Eastman and T. A. Wieerns. J Mol. Spectrosc. 4, 518 (1960). 
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The triplet-singlet emission spectra of toluene, o-, m- and p-xylenes and 
mesitylene in cyclohexane matrices at 90 K 


Yosuiya Kanpa and Ryoicnt SHIMADA 
Department of Chemistry, Faculty of Science, Kyushu University, Fukuoka, Japan 


(Received 8 Auqust 1960) 


Abstract —-Phosphorescence spectra of toluene, o-, m- and p-xylenes and mesitylene have been 
studied in cyclohexane matrices at 90°K. All the spectra appeared sharper than those in EPA, 
and, especially, the spectra of toluene and o-xylene showed finely resolved structures. Vibrational 
analyses are discussed. 
Introduction 

SPONER ef al. [1] found that the phosphorescence spectrum of benzene appeared 
extremely sharp in cyclohexane matrix at 77° and 4-2°K. Kawnpa and SHIMADA 
applied the matrix method to studies of phosphorescence spectra of bipheny], 
pyrazine and pyrimidine and showed that cyclohexane was a good solvent and gave 
rise to sharper spectra than EPA or ethanol [2]. We studied the phosphorescence 
spectra of toluene, o-, m- and p-xylenes and mesitylene in cyclohexane matrices at 
90°K. Vibrational analyses will be discussed. 


Experimental 

(‘yclohexane was purified in the same way as that reported previously [2]. 
Toluene, o-, m- and p-xylenes and mesitylene were obtained from Tokyo Kasei 
Company in Tokyo. They were twice distilled, and the concentration was made 
10-% mole/l. The optical set-up was the same as that reported previously [2]. 
Exposure time ranged from 30 min to 7 hr on Fuji special test plates for low 
luminosity, with a slit width of 100 ~ and using a Hilger E2 spectrograph. Wave- 
lengths and intensities of bands were measured with an automatic recording 
microphotometer. Maximum precision is believed to be +10 em~ for fairly sharp 
bands and +5 em~! for sharp bands of the o-xylene spectrum. For very broad and 
diffuse bands the maximum accuracy was probably not greater than +30 em~'. 


Results and discussion 

Toluene 

The triplet-singlet emission spectrum of toluene was studied in cyclohexane 
matrix at 90°K. Toluene emitted a violet phosphorescence of medium intensity 
and a lifetime of 5-6 sec. A microphotometer tracing of the spectrum is shown in 
Fig. 1. The spectrum in EPA which was reported by Kanpa and SPoNER [3] is 
[1] H. Sponer, Y. Kanna and L. A. BLackwe ., Spectrochim. Acta 16, 1135 (1960). 
[2] Y. Kanna, R. Suimapa and Y. Sakai, Spectrochim. Acta 17, 1 (1961); R. Surmapa, Ibid. 17,14, 30 


(1961). 
[3] Y. Kanna and H. Sproner, J. Chem. Phys. 28, 798 (1958). 
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also shown in the figure for comparison. Spectral data and the analysis are listed 
in Table 1. As can be seen in the figure and the table, the spectrum of toluene in 
cyclohexane has twenty-six sharply resolved bands, while the EPA spectrum 
consists of eighteen broad bands. The observed vibrational frequencies are 440, 
660, 790, 1005, 1175 and 1605 cm~', and they are assigned to Raman frequencies 
467(b,), 695(b,), 785(a,), 1002(a,), 1175(a,) and 1603(a,) em~', respectively. In the 
EPA spectrum vibrational frequencies of 703, 1000, 1155 and 1580 cm~' were 


Fig. 1. Phosphorescence spectra of toluene. 


Table 1. Phosphorescence spectrum of toluene in cyclohexane at 90°K 


Relative 
intensity 


Wavenumber Assignment 


28.920 0 0.0 
28,480 440 467(b.) 
28,260 660 695(b,) 
28,130 790 785(a,) 
27,915 1005 1002(a,) 
27,745 1175 L1L75(a,) 
27,315 1605 1603(a,) 
26,930 ' 1990 1002 x 2 
26,745 2175 1175-1002 
1603 
26,555 : 2365 1175 
26,330 2590 1603 
26,135 2785 1603 
25,725 ¢ 3195 1603 
25,570 ( 3350 1175 
25,335 ¢ 3585 1603 
25,130 3790 1603-—L175 
24,945 3975 1603 
24,720 4200 1603 
24,550 4370 1603 
24,125 4795 1603 
23,730 j 5190 1603 
23,560 5360 1603 
23,345 j 5575 1603 
23,120 5800 1603 
22,955 5965 1603 


22,530 6390 1603 
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Phosphorescence spectra of toluene, xylenes and mesitylene in cyclohexane matrices at 90°K 


found and ascribed to 695(b,), 1002(a,), 1175(a,) and 1603(a,) cm-', respectively. 
The Raman frequencies cited here are the data by Prrzer and Scorr [4]. In the 
EPA spectrum there were discrepancies in frequency between the observed 1155 
and 1580 cm~' and the Raman values 1175 and 1603 cm~', respectively, but they 
are negligible in the spectrum in cyclohexane. It must be mentioned that the bands 
corresponding to the vibrational frequencies of 1005 and 1175 cm~' are clearly 
resolved while the resolution was very poor in the EPA spectrum. On the other 
hand, a discrepancy is seen between the observed 660 cm~! and the Raman 
frequency 695(b,) cem~'. This band is a slight shoulder on the one at 28,130 em~! 
and the accuracy of the measurement is probably not good enough. In the 
spectrum, new vibrational frequencies are found, namely, 467(b,) and 785(a,) em", 
which were not found in the EPA spectrum. The frequency of 1603(a,) em=! 
forms the skeletal structure of the spectrum and the frequencies of 785, 1002 and 
1175 cm~ are seen to appear in combination with the 1603 progression. 


o-XYLENE 


L 


A. 
26000 


24000 


Fig. 2. Phosphorescence spectra of o-, m- and p-xylenes. 


22000 


o- Xylene 

The triplet—singlet emission spectrum of o-xylene was studied in cyclohexane 
at 90°K. o-Xylene emitted a blue-violet phosphorescence of strong intensity and a 
lifetime of the order of 7 sec. A microphotometer tracing of the spectrum is shown 
in Fig. 2. The spectrum in EPA is also shown which was reported by BLACKWELL 
et al. {5] Spectral data and the analysis are listed in Table 2. The spectrum of 
o-xylene in cyclohexane consists of twenty-six sharply resolved bands, while the 
EPA spectrum has eleven broad bands. The observed vibrational frequencies are 
185, 375, 495, 740, 935, 1060, 1140, 1240, 1470 and 1590 em~—! and assigned to 
Raman frequencies of 180(a,), 180 2, 506(b,), 733(a,), 733 + 180, 1051 (a,), an 
overlap of 1117(a,) and 1156(a,), 1223(a,), 733 = 2 and 1584(a,), respectively. The 
frequencies in the EPA spectrum were 720, 1120 and 1570 em~! and ascribed to 


{4] K. S. Prrzer and D. W. Scort, J. Am. Chem. Soc. 65, 803 (1943). 
[5] L. A. Brackwe.i, Y. Kanpa and H. Sponer, J. Chem. Phys. 32, 1465 (1960). 
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Table 2. Phosphorescence spectrum of o-xylene in cyclohexane at 90°K 


7 iv . 
Wavenumber Re lat Assignment 
intensity 


28,705 0,0 

28,520 8 0-180(a,) 
28,330 7 0-180 « 2 
28,210 49: 0 -506(5,) 
740 0-733(a,) 


7770 935 0-733-—180 


7,645 i 1060 0-105 1(a,) 
7.565 1140 0 -1140[(overlap of 1117(a,) 
and 1156(a,)) 
27,465 1240 0—-1223(a,) 
27,235 1470 0-733 x 2 
27,115 1590 0-1584(a,) 
1584-180 
1051-733 
26,380 2325 1584-733 
26,070 2635 1584-1051 
25,985 2720 1584-1140 
25,895 2810 1584-1223 
25,645 3060 1584-733 x 2 
25.550 3155 1584 x 2 
1584 2-180 
1584-1051-—733 
820 3885 1584 733 
4185 1584 L051 
25.085 : 4720 1584 
1584 
1584 
5430 1584 
5795 1584 


» 
» 
2 


26,920 1785 


25,310 3395 


180 
1051-733 
733 

1051 


4950 


2 
2 
3 
3 
2 
3 
3 


733(a,), 1117(a,) and 1584(a,), respectively. Frequencies of 180(a,), 180 x 2, 
506(b,), 733 180, 1051(a,), 1223(a,) and 733 2 are found for the first time in 
this spectrum. The frequency of 1584(a,) em~' forms the skeletal structure of the 
spectrum and the frequencies of 180, 733, 1051, 1140 (an overlap of 1117 and 1156), 
1223 and 733 = 2 are seen to appear in combination with the 1584 progression. 


m-Xylene, p-xylene and mesitylene 


The triplet—singlet emission spectra of m-xylene, p-xylene and mesitylene were 
studied in cyclohexane matrices at 90°K. The phosphorescence of m-xylene was 
blue—violet and of strong intensity, that of p-xylene was violet and of medium 
intensity, and that of mesitylene was blue and also medium. The lifetimes were of 
the order of 5, 7 and 6 sec, respectively. Microphotometer curves are shown in 
Figs. 2 and 3. For comparison the EPA spectra of m- and p-xylenes and mesitylene 
are also given. Spectral data and the analyses are given in Tables 3, 4 and 5. The 
spectra of m- and p-xylenes and mesitylene in cyclohexane appear sharper than the 
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EPA spectra, although they are not so finely resolved as the spectra of toluene and 
o-xylene in cyclohexane. 

In the spectrum of m-xylene vibrational frequencies of 700, 995 and 1600 em-! 
are found and the frequency of 1600 cm~! is seen to form a main progression. The 
other two frequencies appear as combination bands with the main progression. 


Table 3. Phosphorescence spectrum of m-xylene in cyclohexane at 90°K 


Relative 
Wavenumber Ai Assignment 
g 
intensity 


0 0,0 
700 0-724(a,) 
995 0-998 (a) 
1600 0-1592(a,) 
2290 0—-1592-—724 
2585 0-1592 
25,135 3190 0-1592 
24,465 3860 0-1592 
24,150 4175 00-1592 
23,550 | 4775 0-1592 


bo bo b> bo 
© 


wh bo @ 


Table 4. Phosphorescence spectrum of p-xylene in cyclohexane at 90°K 


Wavenumber Ap Assignment 
intensity 

28,135 0 0,0 
27,830 . 305 0-313(b,,) 
27,320 815 0-826(a,) 
26,955 j 1180 0-1182(a,) 
26,540 1595 0 1616(a,) 
26,150 1985 0-—1182-826 
25,715 2420 0-1616—-826 
25,350 2785 0—-1616—-1182 
24,945 3190 00-1616 2 
24,555 3580 0-1616—-1182-826 
24,120 4015 0-1616 
23,765 ( 4370 0-1616 
23,345 4790 00-1616 
22.540 5595 00-1616 


These frequencies are assigned to Raman frequencies of 724(a,), 998(a,) and 
1592(a,), respectively, while the observed frequencies in the EPA spectrum were 
690, 920 and 1570, respectively [5]. 

In the spectrum of p-xylene vibrational frequencies of 305, 815, 1180 and 1595 
em™~! are found. The frequency of 1595 cm~! forms a main progression, and the 
other frequencies appear in combination with it. A combination frequency of 815 
and 1180 is also found and is seen to combine with the progression. These 
frequencies are ascribed to Raman frequencies of 313(b,,), 826(a,), 1182(a,) and 
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1616(a,), respectively, while the observed frequencies in the EPA spectrum were 
305, 830 1180 and 1590, respectively [5]. 

In the spectrum of mesitylene vibrational frequencies of 520, 1000 and 1580 
em~' are found and the frequency of 1580 cm~* is seen to form a main progression. 
The other frequencies appear in combination with the main progression. Those 


Table 5. Phosphorescence spectrum of mesitylene in cyclohexane at 90°K 


Relative 
Wavenumber Ai Assignment 
intensity 


28,010 2 0 0.0 

27,490 2 520 

27,010 4 1000 0-1000[overlap of 930(e’) 
and 1160(e’)] 

26,430 1580 0-1610(e’) 

25,900 7 2110 0-1610—-515 

25,440 2570 0-1610—-1000 

24.890 3120 0-1610 2? 

24,380 6 3630 0O-1610 2-515 

23.840 4 4170 0-1610 2-1000 

23,320 4 4690 0O-1610 3 

Photodecomposed compound 

24,350 10 0 0,0 

23,420 7 930 0-930 

22,740 10 1610 O-1610 

21,800 6 2550 0-1610—-930 


21,150 3200 0-1610 2 


l = i 
24000 26000 28000 


Fig. 3. Phosphorescence spectra of mesitylene. 


frequencies are attributed to Raman frequencies of 515(e'), an overlap of 930(e') 
and 1160(¢’), and 1610(e’), respectively. For photographing the spectrum the 
concentration of a sample solution was adjusted at 10-4 mole/l. When a solution 
of 10-* mole/l. was used, a strange band group was also photographed in the 
longer wavelengths. It may be due to some compounds, probably aldehydes, 
produced photochemically. This finding is in line with a result found in the toluene 
spectrum reported by Kanpa and Sponer [3] and also found in the xylene spectrum 
by BLACKWELL et al. [5] Wavenumbers of those bands are also listed in Table 5. 
The 0,0-band of the mesitylene spectrum in EPA appeared at 28,075 em~, and 
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the frequencies of vibrations 515, 1010 and 1585 em~-! were found.* A detailed 
report will be published elsewhere. Dikun and Svesunikov [6] already analyzed 
the phosphorescence spectrum of mesitylene in ethanol. The 0,0-band was at 
28,140 cm~' but the spectral structure was different from the spectra in cyclo- 
hexane and in EPA. They found vibrational frequencies of 720, 1143 and 1590 
cm and ascribed to 690(a,"), 1160(e’) and 1610(e’), respectively. They also found 
a strong band at 25,075 cm! separated by 3065 cm! from the 0,0-band and 
assigned the difference frequency to a vibrational frequency of 3047(e’) or a 
combination frequency of 1610 + 2 « 690. A new system was seen to begin at 
this band to the longer wavelengths. Frequencies of 565, 1135 and 1545 em~! were 
found and attributed to Raman frequencies of 575(a,'), 1160(e') and 1610(e’), 
respectively. A microphotometer tracing curve reproduced in their paper showed 
that the 3047 band was the second strongest among the bands and a combination 
band of 3047 + 1610 was the most intense in the spectrum. On the other hand, 
neither the 3047 band nor the new system was obtained in the spectra in cyclohexane 
and in EPA. It is believed that the 3047 band system was due to some impurity in 
their sample. 

The lowest excited singlet state of mesitylene was determined to be an A,’ 
corresponding to the B,, of benzene. The transition 1A,’ < ‘A,’ is, therefore, 
forbidden according to Sponer and Hay, and Sponer and Sraricup [7]. The 
symmetry of the lowest triplet state is concluded to be an A,’ which corresponds 
to the *B,,, state of benzene. The transition 4A,’ — 1A,’ is forbidden by symmetry 
and also by spin multiplicity. That the intensity of the 0,0-band of the phospho- 
rescence spectrum in cyclohexane or in EPA is not so weak as that of the 0,0-band 
of benzene in EPA reported by Suu. [8] may be due to solvent perturbation. The 
observed vibrational frequencies are all of e’ species. Therefore, the transitions to 
those vibrational levels of the ground state are *A,'-»'E’. This is allowed by 
symmetry but forbidden by spin multiplicity. 

It is concluded that cyclohexane is a good solvent to be used for study of 
vibrational structure of phosphorescence spectra of organic compounds. The 
reason why the spectra get sharp in cyclohexane matrices is not completely under- 
stood but it is assumed that sample molecules may be oriented better than in EPA 
and this gives rise to sharper spectra. A sharp spectrum of a compound in 
cyclohexane is good enough to be utilized for identification of the compound. 


Acknowledgements—The authors wish to express their thanks to the Fuji Photo-Film Company 
for the generous offer of highly sensitive plates. Their gratitude is also due to the Ministry of 
Education for grants-in-aid out of the Scientific Research Expenditure. 


* This experiment was done at Duke University, Durham, N.C., U.S.A, 
i] P. P. Dixuw and B. Y. Sv ESHNIKOV, Zhur, Eksptl. i Teoret. Fiz. 19, 1000 (1949); Doklady Akad, 
Nauk S.S.S.R. 65, 827 (1949). 
H. Srponer and M. B. H. Sroner and M. J. Contribution a Il’ Etude de la Structure 
Moleculaire, Volume commemoratif Victor Henri p. 211. Liége (1948). 
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Abstract—The infra-red spectra of gaseous HC==CCHO, HC==CCDO and DC==CCHO and the 
Raman spectrum of liquid HC==CCHO have been determined. Vibrational assignments are 


given and the spectra correlated. 
Introduction 


RECENTLY two microwave studies have been made on propynal. Howe and 
GOLDSTEIN [1] studied rotational transitions in the isotopic species most abundant 
naturally, and concluded that the molecule was a planar, near-prolate symmetric 
rotor. In 1959 Costarxy and Morton [2] were able to determine accurately the 
bond lengths and angles of propynal from rotational constants obtained by 
microwave measurements on fifteen isotopic species. The ultra-violet absorption 
spectrum of propynal vapour was examined by Howe and GoLpsTEIN [3] under 
medium resolution. Besides observing diffuse absorption in the 2000 A region, 
they made a partial assignment of the vibrational bands between 3000 and 4000 A, 
on the assumption of an n—z electronic transition. The analysis of ground-state 
vibrations reported in this paper was undertaken as a necessary prelude to detailed 
studies of the electronic spectrum. 


Experimental 

Propynal HC=CCHO was prepared by the chromic acid oxidation of 2- 
propyne-l-ol following the method of WiLLe and Sarrer [4]. Purification was 
effected by fractional distillation through a 12-in. vacuum-jacketed Vigreux 
column at atmospheric pressure. The product was stored at —78°C to prevent 
decomposition. The d-acetylenic compound DC==CCHO was obtained by repeated 
deuterium exchange in slightly alkaline D,O; the isotopic purity, as determined 
from the infra-red spectrum, was better than 95 per cent. The d-aldehydic 
compound HC=:CCDO, with a 95 per cent deuterium content, was prepared by 
Merck and Company Ltd., Montreal. 

Infra-red spectra from 380 em~! to 4000 em~! were recorded using a Perkin— 
Elmer model 21 spectrometer with sodium chloride and potassium bromide optics. 
The gas cell was 10 cm long, and gas pressures between 64 mm and 189 mm of 
mercury were used. Wavenumber calibration of the instrument was made on the 
basis of known absorption frequencies of water vapour and polystyrene film. 

Raman spectra were obtained on a large Hilger two-prism Raman spectro- 
graph, using Kodak 103a-O photographic plates. The spectra were excited with a 
fl) J. A. Howe and J. H. Goipsrets, J. Chem. Phys. 23, 1223 (1955). 

{2} C. C. Cosrars and J. R. Morton, J. Chem. Phys. 31, 389 (1959). 


{3} J. A. Howe and J. H. Gotpstrer, J. Am. Chem. Soc. 80, 4846 (1958). 
[4) F. Wutre and L. Sarrer, Ann. Chem. Liebigs 568, 34 (1950). 


286 


VOL. 
17 
196. 


’ 
A =, 
& 
i: 


Infra-red and Raman spectra of propynal 


spiral Toronto-type mercury arc, the 4358 A line being isolated by a filter of 
saturated sodium nitrite solution. At room temperature propynal quickly 
transforms into a reddish-brown polymeric material which completely absorbs the 
4358 A exciting line. A jacketed Raman cell was used with the sample tube kept 
at —20°C by circulation of acetone cooled with solid carbon dioxide. The Raman 
frequencies were calculated from measurements made on microphotometer traces 
of the Raman and of iron-are spectra. The method of EpsaLi and WILsoNn [5] was 
used to obtain depolarization data; using the same exposure time in each case, 
spectra were taken successively on the same plate with cylinders of Polaroid 
around the Raman tube, so that their planes of polarization were alternately 
parallel to and perpendicular to the axis of the latter. 


Fig. |. The infra-red spectra of isotopically substituted propynal. An absorbing path of 
10 cm length in vapour at 189 mm was used in each case. 
(A) HC =CCHO, (B) HC =CCDO, (C) DC =CCH. 
Vibrational assignment 

The infra-red spectra of gaseous HC=CCHO (A), HC==CCDO (B) and DC 
CCHO (C) are shown in Fig. 1. The frequencies of the bands in (A), (B) and (C), 
together with the frequencies obtained from the Raman spectrum of liquid (A) and 
their depolarizations are collected in Table 1. 

Microwave studies [1, 2] have demonstrated that propynal is planar. It is 
classified under the C,-symmetry point group, with irreducible representatives a’ 


and a” signifying symmetric and antisymmetric behaviour, respectively, to 
reflexion in the molecular plane. The twelve normal vibrations have representation 
= 9a’ + 3a”. According to selection rules, both symmetry species are infrared 
and Raman active. Since the dimensions of the molecule |2] indicate it is a close 
approximation to a prolate symmetric top, the GerHARD—DeENNISON formula [6] 


[5] J. T. and E. B. Wirson, J. Chem. Phys. 6, 124 (1938). 
[6] S. L. Gerwarp and D. M. Dennison, Phys. Rev. 43, 197 (1933) 
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Table 1. Observed frequencies and assignments for propynal 


HCCCHO (A) HCCCDO (B) DCCCHO (C) 


Raman (liq.) Infra-red (vap.) Infra-red (vap.) | Infra-red (vap.) Assignment 
and symmetry 


cm 


3380 
3440 
3335 3300 
3080 3100 
2869 s (2870)* 2880 
2780 
2620 
2300) 2132 
~2130 mysh 
2080 212: 2110 1990 
1900 ow 2 X 
1700 =wysh 
1692 1670 1682 vs 
1398 1379 =ms y.(a’) 
1380 
1340 1320 2 x v,(a’) 
1076 ¥5(a’) 
~990 
950 923 ¥_(a’) 
815 wysh S15 ¥g + ¥y9(0") 
(691 681 (680) * v,(a’) 
1669 659 s 
615 615 615 
542 v,(a’) 
519s 
261 m,p 
226 «s,dp 


* Bands ascribed to impurities. 
strong, m medium, w weak, v very, sh = shoulder, p polarized, dp depolarized. 


can be used to obtain an estimate of the contours of infra-red bands; from this, 
parallel bands have P- and R-branches with peak separations of 14 cm~', whereas 
perpendicular bands are relatively weaker and more extended in outline, owing to 
K-substructures with their Q-branch maxima 10 cm~' apart. The fundamental 
out-of-plane a*-vibrations of propynal will appear as perpendicular bands, whereas 
the fundamental in-plane a’-vibrations will appear as parallel bands with perpen- 


dicular components. 

The observed band contours, together with frequency shifts produced by 
deuteration at either end of the molecule, facilitated assignment of most of the 
fundamental frequencies. The latter are listed in Table 2, together with a brief 
indication of the main location of each motion; », and »,, are essentially skeletal 


modes. 
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Infra-red and Raman spectra of propynal 


The acetylenic hydrogen stretching motion y, is little changed by aldehydic 
deuteration in (B); however, in (C) the frequency has dropped to 2620 em-!. (The 
latter band has also weakened in intensity, but the reason for this is not obvious at 
present.) On the other hand, », is little different between (A) and (C), whereas in 
(B) it appears at reduced frequency overlapping the strong band at 2110 em-. 

The », and », assignments are straightforward, with small frequency shifts 
between the isomers. A slight lowering of the », frequency is to be expected in (C), 
since the acetylene deuterium atom is involved in this motion. », is clear in (A) and 
(C), the corresponding frequency being 1378 em~ in formamide [7] and 1371 em~ 


Table 2. Summary of fundamental vibration frequencies (em~') in propynal 


Infra-red (vapour) taman (liq.) 


Assignment 
HC=CCHO HC=CCDO DC=CCHO HC=CCHO 
3335 3300 2620 3381 » acet. CH stretch 
2869 ~2130 2880 2856 » ald. CH stretch 
2125 2110 1990 2080 5 C=C stretch 
1692 1670 1682 1658 vy C=O stretch 
1398 1076 1379 1392 vs HCO bend 
950 871 923 947 ve C—C stretch 
691 681 542 (710*) Vz HC=C bend 
615 615 615 620 » CCO bend 
261 Vo bend 
~990 ~650 980 988 ¥y9 HCO bend 
669 659 519 710* ¥4, HC=C bend 
226 V9 CCC bend 


* Very diffuse. 


in methyl] formate [8]. », is most probably at 1076 cm~" in (B) with the apparently 
high intensity due to another underlying band of which traces can be seen. ¥, is 
well defined in (A) and (C); there are two strong bands in (B) at 1076 em-! and 
871 cm~'. If the higher of these is ascribed to »,, this leaves 871 em~" to represent 
vg. The separation of these two bands may involve a Fermi resonance. 

In the 500-700 em~ region, each spectrum shows a strong band of complex 
structure that is almost identical in appearance between (A) and (B) but shifted to 
lower frequency and altered in (C). In each case the prominent features are a single 
intense peak belonging to a perpendicular-type band with a hybrid-type band, 
showing P- and R-wings separated by 15 cm~' on its high-frequency shoulder. 
The pair of bands are assigned to the »,, out-of-plane and vy, in-plane acetylenic 
hydrogen bending motions, which are expected to differ slightly in frequency. 
Nyquist and Porrs [9] have recently given arguments, applicable to propynal, for 
assigning the lower frequency to the out-of-plane vibration in such terminal 
acetylenic groups. In (A) and (B), », appears on the low-frequency shoulder of the 
strong complex band; in (C) it is revealed clearly. The fairly high intensity of the 
corresponding Raman line indicates a fundamental frequency here. 


7) J. C. Evans, J. Chem. Phys. 22, 1228 (1954). 
8] J. K. Witmsuvurst, J. Mol. Spectrosc. 1, 201 (1957). 
9} R. A. Nyquist and W. J. Ports, Spectrochim. Acta 16, 419 (1960). 
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The »,> vibration appears clearly only in (C) as a single peak at 980 cm~!, with 
adjacent structure conforming to that predicted for a perpendicular-type band. 
The same vibration is at 1030 em~' in formamide and 1032 em~' in methyl formate 
[7, 8}. In (A) the band appears on the high-frequency shoulder of the strong v, band; 
in (B) it is buried beneath the complex at 650 cm~'. Finally, the two skeletal 
vibrations vy, and »,, were observed only in the Raman spectrum and were assigned 
on the basis of polarization measurements. Microwave intensity measurements [1] 
have given rough values of 230 and 150 cm~' respectively for these modes in 
propynal. 

Product rule ratios for the a’-vibrations in the vapour state, obtained by 
assuming v, has the same frequency in all three isotopic species, compare quite 
well with the theoretical ratios calculated from the moments of inertia of the 


molecule [2]. The values are: for (B)/(A), cale. 0-5163, obs. 0-4959, and for 
(C)/(A), cale. = 0-5289, obs. = 0-5318. The agreement was not so good in the case 
of the a”-vibrations; (B)/(A), cale. 0-821, obs. 0-647, and (C)/(A), ecale. 

0-912, obs. 1-02. Here, however, some of the frequencies are known only 


approximately, and the necessary assumption that »,, is the same in all three 
species introduces more serious errors. 


Combination bands 


Due to the low symmetry of propynal, a large number of combination bands are 
possible and Fermi resonances can readily occur. It is pointless at present to 
attempt assignments of all the observed weak bands in Table 1, but some tentative 
correlations can be made of certain features that resemble each other in shape and 
intensity in the infra-red spectra of the three isotopic species. 

Identical parallel-type bands at 2780 cm~! appear in (A) and (C); if these are 
2y,, the corresponding band in (B) will be beneath that at 2110 cm~ and hence be 
unobserved. Bands identifiable as 2y,. are visible in all three spectra. If the 2», 
and 2y,, features are correctly identified in (A) and (B), then they will be hidden 
beneath the absorption in the 900-1100 em~! region in (C). (A) and (C) show similar 
weak perpendicular-type bands at 815 cm~', ascribed to +: these low- 
frequency bands cannot involve hydrogenic combined with other vibrations, and 
so the analogous band in (B) would be at similar frequency but submerged beneath 
a stronger absorption. 

Last!y, there is a distinct, fairly broad, weak band in (C) at 3440 em~'. This 
cannot be identified, but may well involve motion of the acetylenic deuterium 
atom, its counterparts in (A) and (B) being shifted to higher frequencies beyond the 


region of observation. 
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Abstract—Solvent effects on the N—H stretching frequencies in the infra-red spectra of nine 
substituted 2-nitroanilines have been studied to demonstrate that intramolecular hydrogen 
bonding is present in 2:6-dinitroanilines, but not in other 2-nitroanilines. The enhancement 
of hydrogen bond formation by N-substitution is explained. In some instances, complex solvent 
effects were observed, and these are discussed. 


WE HAVE previously concluded that 2-nitroanilines are not intramolecularly 
hydrogen bonded unless either the amino group is mono-acetylated or there is a 
second nitro group in the 6-position [1]. The physical properties of 2-nitroanilines 
were accounted for by assuming that significant transfer of charge [in the direction 
of the fully charged structure (1)] occurs in the ground state, and the lack of intra- 
molecular hydrogen bonding was attributed to the non-collinearity of the hydrogen 
atom with the donor nitrogen and acceptor oxygen atoms. 


Lutskit and ALEKSEEVA |2] have attributed the longer wavelength of the 
N — V transition, and greater band width, in the ultra-violet spectra of 2-nitro- 
anilines (as compared with 4-nitroanilines) to an intramolecular hydrogen bond. A 
hydrogen bond would enforce amino group coplanarity and lead to greater charge 
separation in the excited state (1), but we consider that stabilization of this 
charged excited state by electrostatic interaction between the adjacent amino and 
nitro groups would likewise produce a shift to the red in the ultra-violet spectra of 
the 2-nitroanilines. 

Moritz [3] has recently suggested that there is intramolecular hydrogen bonding 
in 2-nitroaniline, but that the expected depressions in the N—H_ stretching 
frequencies have been offset by frequency increases caused by the powerful 
electron-attracting ortho-nitro group. Moritz observed that aNd 


sym. 
* Present address: Department of Chemistry, The Florida State University, Tallahassee, Florida, 

U.S.A. 

fl] L. K. Dyan and A, N, Hamsty, Australia J. Chem. 11, 513 (1958). 

[2] A. E. Lursxit and V, A. ALexsrrva, Zhur. Obschei Khim, 29, 2992 (1959). 

[3] A. G. Morrrz, Spectrochim. Acta 15, 242 (1959). 
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of 2-nitroaniline display a deviation of 30 em~! from the equations which relate 
these two frequencies in 3- and 4-substituted anilines, and considered that the 
deviation is due to hydrogen bond formation. We cannot accept this evidence as 
being conclusive since electrostaticinteractions between the amino group and a polar 
ortho-group [as in (1)} might also be responsible for the deviation. The issue is, 
however, not clear-cut and, particularly since Moritz demonstrated that there is 
intramolecular hydrogen bonding in N-substituted-2-nitroanilines (1;R Me, Ph, 
CH,Ph), it is essential that the problem be re-examined. 

Recent studies by BeLLamy and his co-workers [4-6] of solvent effects on the 
N—H stretching frequencies of amines have established a new procedure for 
detecting intramolecular hydrogen bonding. Where there is no bonding, the 
relative frequency depressions brought about by intermolecular hydrogen bonding 
to the solvent molecules will be linearly related to the relative frequency depres- 
sions for pyrrole in the same series of solvents, and the plot will pass through the 
origin. When the solute is intramolecularly bonded, the weaker proton-accepting 
solvents will depress the v,,, values very little or not at all, and the expected 
frequency depressions will not be observed until sufficiently strong proton-accep- 
ting solvents are employed to disrupt the intramolecular bonding. The linear plot 
of relative frequency depressions for the solute against those for pyrrole will not 
then pass through the origin. 

We have already [7] used this technique to establish that there is no significant 
intramolecular hydrogen bonding in 2-nitroaniline. The present work was under- 
taken to determine which 2-nitroanilines do display this bonding, and to determine 
whether or not the simple BELLAMy-type solvent effects are displayed by poly- 
functional solutes. 

Experimental 
Preparation of samples 

N-Phenyl- and N-methy]-2:4:6-trinitroaniline were prepared by treating picry! 
chloride with the appropriate amine, and crystallized from benzene with m.p.’s of 
180-1 and 113-4°C respectively. N-Acetyl-2:4:6-trinitroaniline (m.p. 231—2°C) 
was obtained by acetylation of the parent amine [8]. Other nitroamines were 
purified as described previously [1], and all samples were dried in vacuo over 
phosphorus pentoxide immediately prior to use. All solvents were carefully 
purified and dried [1, 7]. 


Measurement of Spe ctra 

Spectra were recorded with a single-beam, double-pass Perkin-Elmer model 112 
spectrometer, using a calcium fluoride prism as reported previously [1, 7]. The 
spectral slit width was 4-7 em~! at 3300 and 1-8 at 1600 cm~'. 2:4-Dinitroaniline 
and 2:4:6-trinitroaniline derivatives were only very sparingly soluble in the less 
polar solvents, and their saturated solutions were therefore examined in a l-cm 


. and H. E. Hatiam, Trans. Faraday Soc. §5, 220 (1959). 

. Betitamy, Spectrochim. Acta 14, 192 (1959). 

. H. E. and R. L. Trans. Faraday Soc. 1120 (1958). 
K. Dya.t, Australian J. Chem. 18, 230 (1960). 
N. Wert and E. Wirre, Chem. Ber. 41, 3090 (1908). 
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cell with silica end plates. Other solutions were examined in a 0-350- or a 0-100-mm 
rock salt cell. Solute—solute interactions were avoided by using solution concen- 
trations below 0-1 M. 

Apparent extinction coefficients, ¢, (in units of 10-* em? mole~'), are not given 
where saturated solutions were employed, or where the band was not clearly 
resolved. Frequencies, v, and band widths at half peak height, Av,,,., are given in 
em, Doubling of bands, or strong overlap from solvent bands, sometimes 
prevented measurement of Ay, 

telative frequency depressions, Av/y, have been calculated using the value of 
vy obtained in the non-polar solvent appearing at the top of each column of solvents 
in Tables and 2. For nitroanilines having both ryqy ago), ANA opm, frequencies, 
the two depressions have been averaged, and » is also an average. 

The results are presented in Tables 1 to 3. 


Discussion 
Hydrogen bonding in 2-nitroanilines 

The N—H stretching frequencies of 2:4-dinitroaniline, 6-chloro-2-nitroaniline 
and 2-nitro-l-naphthylamine are depressed even by very weakly proton-accepting 
solvents (Table 1). The plot of Av/y for the chloronitroaniline gives an excellent fit 
to a straight line through the origin, and the values plotted for the other two 
nitroanilines, although showing a wider scatter from linearity, likewise give no 
indication of intramolecular hydrogen bonding. If these nitroamines had been 
intramolecularly bonded, there would of course be solvent effects since one amino 
hydrogen would be free to associate with the solvent, but at some point along the 
solvent series both amino hydrogens would associate with the solvent and there 
would be a sharp trend towards larger solvent effects. Although it is clear from the 
solvent effects on 2:6-dinitroaniline that some of the solvents used here are capable 
of disrupting the intramolecular bonding, none of the amines studied here showed 
this trend to larger solvent effects. 

It has been claimed, on the basis of the unusually low symmetric N—H 
stretching frequency, that there is intramolecular hydrogen bonding in 2-nitro-1- 
naphthylamine [9]. The vy asym, Value actually appeared high in comparison to 
other nitronaphthylamines, but it was considered that the expected depression was 
offset by promotion by the ortho-nitro group. We believe that the two frequencies 
reflect, not hydrogen bonding, but rather the higher degree of splitting which 
accompanies appreciable contribution by charged structures such as (1). In accord 
with this view, 2-nitro-l-naphthylamine, and 1|-nitro-2-naphthylamine (which also 
displays high splitting of the two vy, frequencies), are appreciably weaker bases 
than the other nitronaphthylamines | 10}. 

Although the non-collinearity of the amino hydrogen with the amino nitrogen 
and nitro oxygen atoms does not favour hydrogen bond formation in 2-nitroaniline 
[1], increase of hydrogen acidity or of oxygen negativity by suitable substituents 
might be expected to result in bond formation. A 6-chloro- or a 4-nitro-group does 


[9] M..Sr. C. Fier and D. E. Haruway, Trans. Faraday Soc. 45, 818 (1949). 
[10] A. Bryson, Trans. Faraday Soc. 45, 257 (1949). 
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Table 1. Solvent effects on the N-—-H stretching frequencies of 2-nitroanilines 


Solvent | vyqasym. | Av e4 | | wA Av. 10° Ap/y 


A. 2:4-Dinitroaniline 


3393 
3391 
3381 


~ 


cc, 
CHCl, 
PhH 
PhNO, 3368 
MeCN 3348 
C,H,N* y 3300 


mts to 


Vw th 


bo te 


of 


to 


Dinitroaniline 


ccl, 21 3358 
C,Cl, 5 26 3361 
CHCl, 75 26 3364 
PhH 2 25 3362 
PhNO, 2¢ 34 3362 
MeCN 245 7 3364 
Et,O |3362 
25: 35 |3342+ 

C,H,N : {3358 

(3314 


C. 2:4:6-Trinitroaniline 


CCl, 3457 
CHC, 3457 
PhH 3456 
MeCN 3457 
C,H,N (3450F 
13395 
KCl disk 3437 


D. 6-Chloro-2-nitroaniline 


ccl, 3512 21! 2: 3391 
CHCl, {3510 2: 3391 
\3487T 
PhH 3501 2 3388 
PhNO, 3497 3381 
MeCN 3487 : 35 3373 
Et,0 {3504 2 {3392 
\3479 3: (3343 
C,H,N {3495 {3383 
(3455 5 35 


2-Nitro-1-naphthylamine 


CCl, 3520 35 27 3362 2! 22 

CHO), (3519 13: : 3363 t 40 
(3516+ 

PhH 3501 ¢ 5 33 3362 0 

PhNO, 3490 j 42 3360 2 

MeCN 3464 3348 14 

Et,0 3443 7 3336 26 


26 

35 9-5 
44 14°5 
50 18-4 


to = 


* Additional strong bands were observed at 3280 and 3168 cm~! with a Perkin-Elmer model 221G 
spectrometer. 

+ Denotes shoulder on main band. 

+ This band was very broed and flat-topped, and is almost certainly double, 
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Table 2. Solvent effects on the N—H stretching frequencies of 
N-substituted -2-nitroanilines 


A. N-Methyl-2:4-dinitroaniline | B. N-Methyl-2:4:6-trinitroaniline 


CCl, 3383 
3380 290 2) 3334 190 
PhH 3384 ‘ 3331 195 
PhNO, 3378 3: 
MeCN 3382 3329 250 
Me,CO 3365 
(3329 

3311 5 \3281* 

|3285 
KCI disk 3329 


N-Acetyl-2:4:6-trinitroaniline . N-Phenyl-2:4:6-trinitroaniline 


CCl, 3380 41 

CHCl, 3379 41 3304 

PhH 3380 54 3303 

PhNO, 3359 

MeCN 3349 5 9-: 3300 

Me,CO 3305 2-3 

|3288 
(3236 

KCl disk 3220 3295 


* Additional bands were observed at 3430 (shoulder), 3381 and 3250 em (shoulder). 


Table 3, Solvent effects on NH, deformation frequencies in nitroanilines 


Amine Solvent 
(em *) 
2-Nitroaniline CCl, 1624 1050 
dioxane * 1626 
solid 1627 
6-Chloro-2-nitroaniline 1618 680 
1618 650 
1621 750 
2,6-Dinitroaniline Po 1635 1640 
1633 1280 
2,4-Dinitroaniline ‘lL, 1627 
1632 775 
4-Nitroaniline ‘1, 1624 1030 
1641 315 


* This spectrum was recorded by HamBiy and BonNyMAN [18]. 
+ The "om frequencies (3508 and 3413 cm~'! in chloroform solution) were at 3434 (e 4 150) and 


3354 em! le, 385) in ether solution. 
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not cause bond formation, presumably because the increase in amino group acidity 
is offset by decreased contribution by the charged form of the ortho-nitro group. 
The very large increase in amino hydrogen acidity produced by a second ortho- 
nitro group (as reflected by the pK, values of the conjugate acids of nitroanilines 
[1l]) is sufficient to result in hydrogen bond formation despite the attendant 
reduction in nitro oxygen negativity. Hydrogen bonds of moderate strength are 
exhibited by both 2:6-dinitroaniline and 2:4:6-trinitroaniline; this is apparent, not 
only from a comparison of their yyy values with those of other 2-nitroanilines {1}, 
but also from the solvent effects listed in Table 1. The vy, frequencies remain 
constant until a strongly proton-accepting solvent (diethyl ether or pyridine) is 
able to replace the intramolecular bonding with stronger solute—solvent bonding. 

The one remaining amino hydrogen in an N-substituted-2-nitroaniline should 
be rendered more acidic by the electron-withdrawing ortho-nitro group than either 
of the two amino hydrogens in 2-nitroaniline. An electron-releasing N-substituent 
also enhances nitro group oxygen electron density, and the conditions are thus 
favorable for hydrogen bonding. The present study of solvent effects confirms that 
bonding is present in N-methyl-2:4-dinitroaniline and in N-phenyl- and N-methyl- 
2:4:6-trinitroaniline. The intramolecular bonding in the former compound is quite 
weak, and acetone is able to replace it with solute-solvent bonding (Table 2). The 
bonding in the N-substituted-2:4:6-trinitroanilines is rather stronger, even though 
the coplanarity of the amino group which the hydrogen bond requires must result 
in the unbonded ortho-nitro group being rotated out of the plane of the aromatic 
ring. There is, however, evidence that this rotation of nitro groups occurs in all 
picryl compounds [12, 13], and hydrogen bond formation may not cause any 
additional rotation. Even in pyridine solution, these trinitro compounds are still 
partly intramolecularly bonded, and bands characteristic of both intra- and inter- 
molecular hydrogen bonding are observed (Table 2B and D). 

Cryoscopic evidence [14] has shown that, although N-acetyl-2-nitroaniline is 
intramolecularly hydrogen bonded, N-acetyl-2:6-dinitro-4-methylaniline in naph- 
thalene solution (at concentrations up to 5 per cent by weight) is intermolecularly 
hydrogen bonded. These results were attributed to the bulky acetylamino group 
being rotated out of the plane of the aromatic ring. Nevertheless, the solvent effects 
(Table 2C) show that there is weak intramolecular hydrogen bonding in N-acetyl- 
2:4:6-trinitroaniline. The band width (41 em~") in non-polar solvents is also very 
similar to that (52 cm~') for 2-nitroacetanilide and much higher than that for 
4-nitroacetanilide (28 em~'). It seems likely that the markedly acidic hydrogen of 
the non-coplanar acetylamino group is bonded to the rotated ortho-nitro group. In 
the more strongly proton-accepting solvents, the vy, frequency was decreased in a 
manner parallel to yy, in pyrrole. This acetylamino compound was not sufficiently 
soluble to determine whether intermolecular association might occur in solutions 
as concentrated as those used by CuapLin and Hunter [14] in their cryoscopic 
studies with N-acetyl-2:6-dinitro-4-methylaniline. The ability of the trinitro 

L. P. Hammer and M. A. Paut, J. Am. Chem. Soc. 56, 827 (1934). 

G. A. Gow’ per, G. 8. ZHaponov and M. M. Umansku, Doklady Akad. Nauk S.S.S.R 92, 311 (1953). 


G. Huse and H. M. Powett, J. Chem. Soc. 1398 (1940). 
| H. O. Cuarpirm and L. Hunter, J. Chem. Soc. 375 (1938). 
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compound to form very strong intermolecular bonds is apparent from the very low 
¥xy frequency of 3220 cm~' in a potassium chloride disk; the other N-substituted- 
2:4:6-trinitroanilines had very much higher v,,, frequencies in the solid state (see 
Table 2). 


Solvent effects on vy frequencies 
Solvent effects on the infra-red spectra of polyfunctional solutes have hitherto 
received very little attention. The effects on r,,, frequencies in nitroanilines should 


be complex since these can be affected, not only by solvent-amino group inter- 


actions, but also by interactions of solvent molecules with the nitro group whose 
electrical effects greatly influence the amino group. In practice, most of the 
nitroanilines studied here exhibit substantially linear BeELLAmMy-type plots, but some 


of the expected complexities have been observed. 
2-Nitroaniline, 2:3-dinitroaniline [1], 6-chloro-2-nitroaniline, and 2-nitro-1- 


naphthylamine exhibit a low-frequency shoulder on the vy, peak in chloro- 


asyn 
form solution. Solvation of the nitro group is not responsible since this would 
enhance contribution by charged structures such as (Il) and, by increasing the 
degree of splitting of the two v,, frequencies, produce a shoulder on the high- 
frequency side. The band doubling is probably due to an equilibrium between 


solute molecules bonded through the amino group to two chloroform molecules and 


those which are only monosolvated; electrostatic repulsions between chlorine 
atoms may render the disolvated form less stable than one would expect in the 
presence of a large excess of chloroform. The two vy, ,,,, bands which should 


occur are apparently not resolved. 

Solutions of 6-chloro-2-nitroaniline and 2:6-dinitroaniline in diethyl ether and 
pyridine showed two sets of N—H stretching bands. No single explanation is 
sufficient to account for the observed frequencies. For 6-chloro-2-nitroaniline, the 
lower pair of frequencies in each solvent obey the linear BeLLAmy relationship, 


while the upper set of frequencies corresponds to those observed in non-basic 


solvents. We suggest that one set corresponds to solute molecules bonded to the 


solvent through the amino group, and the other pair to those bonded through the 
nitro group. Because of the proximity of these two substituents and of the 
6-chloro group, a solute molecule probably cannot be solvated through both the 


nitro and amino substituents simultaneously. 
The increased splitting of the two vy, frequencies which should accompany 
solvation of the nitro group accounts for the weak bands at 3504 and 3342 em~! in 
the spectrum of 2:6-dinitroaniline in diethyl ether solution. There is no competition 
between functional groups for solvation here since the amino group is involved in 
intramolecular bonding. This amine in pyridine solution exhibits two pairs of 
bands, one (at 3474 and 3358 em~') corresponding to intramolecular hydrogen 
bonding and the other (at 3448 and 3314 cm~') to solute—solvent bonding. The 
coexistence of both types of bonding was also observed for 2:4:6-trinitroaniline 
(Table 10). An additional band at 3275 cm~! was found for the trinitro compound 
with a double-beam spectrometer, and is attributed to the ONH, overtone. 
It has recently been reported | 15] that some 2-nitro-anilines display three bands 


(15) V. C. Farmer and R. H. Toomson, Spectrochim. Acta 16, 559 (1960). 


297 


OLe 
17 
96] 
5 || 


L. K. 


in pyridine solution, the upper being due to intramolecularly bonded N—H 
stretching and the lower pair to Fermi resonance between solvent-bonded N—H 
stretching and the d,,, overtone. Although the spectrum of N-methyl-2:4-dinitro- 
aniline in pyridine solution might be thus interpreted, none of the other amines 
studied here showed only three bands in pyridine solution. 2:4-Dinitroaniline 
displayed, in addition to solvent-bonded N—H stretching bands, two others at 3280 
and 3168 cm~!. In all these spectra in pyridine solution, the bands were super- 
imposed on strong, broad absorption and the possibility that some of the observed 
maxima are due to overlap cannot be overlooked. 

Attempts to demonstrate solvation of the nitro group of 6-chloro-2-nitroaniline 
were not conclusive. The symmetric N—O stretching frequency at 1518 em~ 
(e, 1570, Av, , = 9 em~) in tetrachlorethylene solution was found at the same 
frequency (¢, 1290) in diethyl ether solution; the only difference was a slight 
broadening of the band to 12 em~!. Previous workers have noted that the nitro 
group N—O stretching frequencies in haloform solutions are almost identical with 
those for solid samples of 2-nitroaniline [1, 16], 3-nitroaniline [1], and 4-nitrophenol 
(17). The lack of detectable solvent effect on the N—O stretching frequencies is 
possibly attributable to the coupling postulated [17] to occur between N—O and 
(—N stretching modes. 

It is apparent from Tables | and 2 that use of more basic solvents is paralleled 
by an increase in Av, , of the N—H stretching bands. It was previously thought [6] 
that the increasing band width is indicative of increasing strength of hydrogen 
bonds between solute and solvent, but we now find increasing band widths for 
solutes in which intramolecular hydrogen bonding has not been disturbed. The 
band broadening is possibly caused by dipolar interactions between the solute and 
the neighbouring solvent molecules. 

The slope of the Bettamy plot is claimed |6] to indicate the proton-donating 
power of the solute, relative to pyrrole. The gradients of the plots for 2-nitroaniline 
7), aniline [6] and 6-chloro-2-nitroaniline are, respectively, 0-37, 0-19 and 0-27. 
The amino hydrogens of the 6-chloro compound should be more acidic than those 


of 2-nitroaniline, and this lack of sensitivity of the N-—-H stretching frequencies of 


the chloronitroaniline is attributed to steric hindrance of solute—solvent association 
by the two substituents ortho to the amino group. The plots for 2:4-dinitroaniline, 
2-nitro-l-naphthylamine and N-methyl-2:4-dinitroaniline display too much 
scatter to permit derivation of gradients. 


Solvent effects on the NH, deformation frequency 

A preliminary examination of solvent effects on the NH, deformation frequency 
(Table 3) confirms earlier reports [4, 18] that the effects are complex. Although 
solute—solvent association through the amino group should lead to an increase in 


the dy, frequency, change of solvent caused very little change in position, width, 


or intensity of the band for 2-nitroaniline, 6-chloro-2-nitroaniline, and 2:6-dini- 
troaniline. 4-Nitroaniline displays a frequency increase of 17 cm~' on changing 


16) B. Franck, H. HorMANN and 8S. Scueise, Chem. Ber. 90, 330 (1957). 
17! R. D. Kross and V. A. Fasser, J. Am. Chem. Soc. 78, 4225 (1956). 
18) A. N. Hamepty and J. Bonnyman, Australian J. Chem 11, 529 (1958). 
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the solvent from chloroform to diethyl ether, and the band becomes markedly 
weaker and broader. The 2:4-dinitroaniline band, however, shows a shift of only 
5cm~' but a very large increase in band width. These solvent effects clearly 
require further study. 
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Abstract The minimum signal that can be detected in emission spectroscopy is a function of 
the statistical fluctuations of the photons absorbed in the sensitive layer of the receiver, and of 


the background. It is demonstrated that for photographic spectral analysis this limit can be 


reduced to an optimal value which is dependent of the optical characteristics of the dispersing 


svstem, the natural line width and the optical aberrations of the dispersing svstem., 


1. Einleitung 
VERSTEHEN wir unter der Nachweisgrenze der Emissionsspektroskopie des optischen 
Spektrums die kleinste noch mit vorgegebener Genauigkeit bestimmbare Kon- 


zentration eines gewissen Elementes in einer bestimmten Matrix, so kann eine ganze 
Reihe von Ursachen aufgefiihrt werden, die an der Begrenzung dieser Grisse beteiligt 
sind. Entsprechend den einzelnen Schritten aus denen sich der Ablauf solch einer 
quantitativen Analyse zusammensetzt, lassen sich die einzelnen Begrenzungsur- 
sachen teils der Vorbereitung der Probe, der Anregung der Probe, der Separierung 
der Linien, der Messung der relativen Linienintensitiiten, sowie der Bestimmung der 
Mengenverhiiltnisse bezw. der Konzentration zuordnen. 

Im folgenden befassen wir uns lediglich mit Begrenzungsursachen. die aus der 
Separierung der Linien und deren Intensitatsmessung erwachsen. Sie beruhen einer- 


seits auf den statistischen Schwankungen des vom Strahlungsempfinger gebildeten 


Ausgangssignals, dem durch Streustrahlung und das Kontinuum der Strahlungs- 
quelle verursachten Untergrund, sowie dem begrenzten Strahlungsleitwert des 
optischen Dispersionssystems und der begrenzten Kontrastempfindlichkeit des 
Empfingers. 


2. Allgemeines 
Auf Grund der Dualnatur der Strahlung lisst sich die in der Fokalfliche eines 
optischen Dispersionssystems zu Linien fokussierte Strahlungsleistung als eine 


bestimmte Zahl diskreter Energiepakete interpretieren. Dem Empfinger obliegt 
dann die Aufgabe, die anfallenden diskreten Energiepakete, die wir im folgenden als 


Lichtquanteu oder Photonen bezeichnen, in ein Ausgangssignal umzuwandeln, das 


Riickschliisse tiber die Zah! der auftreffenden Photonen erméglicht. Bezeichnen wir 


die Einheit des Ausgangssignals mit [A] und verstehen wir unter der Einheit des 


Kingangssignals die Zahl der zur Erzeugung von A notwendigen Photonen |.M], so 


besteht unter der Voraussetzung, dass Ein- und Ausgang auf lineare Weise verknipft 


sind, folgende Beziehung. 


[A] = QO] (1) 


+ Basiert auf einem an der Friihlingstagung (23/5/1960) der Schweizerischen Arbeitsgemeinschaft 
fiir Spektroskopie (SASP) gehaltenen Referat 
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wobei der Proportionalititsfaktor Q, Quantenausbeute der fraglichen Empfingers 
heisst. Bei schwachen Eingangssignalen ist aber zu _ beriicksichtigen, dass die 
Umwandlung der einfallenden Photonen in ein Ausgangssignal statistischen Schwan- 
kungen unterliegt. Die Schwankungen beruhen auf der Tatsache, dass die von der 
empfindlichen Empfiangerschicht vollzogene Photonenabsorption im einzelnen ein 
zufilliges Ereignis darstellt; demzufolge stimmen die Zahlen W/ der in aufeinander- 
folgenden Zeitintervallen der Dauer ¢ absorbierten Photonen nicht genau iiberein, 
sondern schwanken um einen gewissen Mittelwert JJ. Nehmen wir an, dass die 
Hiufigkeitsverteilung der Differenzen M M eine Gaussverteilung zeigt. so ist die 
mittlere statistische Schwankung gegeben durch 


\ (17) (2) 


Verstehen wir unter i, die mittlere Gesamtzahl der zu einer Linie fokussierten 
Photonen und unter J/,, die darin befindlichen Untergrundphotonen, so betragen die 
einzelnen mittleren Schwankungen 


(QM,,) 
und 


o, = ¥(QM,) 


Fiir die mittlere Schwankung des eigentlichen Ausgangssignals QM, — QM, — QM, 
erhalten wir somit. 


(Qi, + (5) 


Sie bewirkt, dass die auf den Empfanger einfallende und durch eine Anzahl! Photonen 
repriisentierte Strahlungsleistung nicht beliebig genau gemessen werden kann und, 
dass nicht eine beliebig kleine Anzahl einfallender Photonen zu einem messbaren 
Ausgangssignal fiihrt. Offensichtlich ist das Ausgangssignal nur dann messbar, wenn 


> Fos = Fy (QU, + QM,) (6) 


wobei der Proportionalitatsfaktor F den relativen Fehler der Messgrésse darstellt. 

Da die Messbarkeit des Ausgangssignals ebensosehr von der Empfindlichkeit des 
Messystems abhiingt, erwiichst dem kleinsten noch quantitativ erfassbaren Ausgang 
im Rauschpegel des Verstirkers bezw, der begrenzten Ablesegenauigkeit der Mess- 
kala eine zusiitzliche Begrenzung. Beim photographischem Empfanger, auf den wir 
uns im folgenden beschriinken, kommt dieser Sachverhalt dadurch zum Ausdruck, 
dass ein Mikrophotometer nicht auf beliebig kleine Schwirzunterschiede anspricht. 

Bezeichnen wir die Schwiirzung mit S, die iiber ein bestimmtes Zeitinvervall ein- 
fallende Strahlungsleistung mit ¢f, so sind die Gréssen bekanntlich durch folgende 
Beziehung verkniipft. 


S y log At y log QM (7) 


wobei wir unter y die Gradation verstehen. Fiir den Schwarzungsunterschied in 
einem hinreichend kleinen Schwiarzungsintervall erhalten wir durch Differentiation 


Adt 1 = 


InlO’ dt Into’ QJ 


(5) 
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Unter der Voraussetzung, dass der kleinste vom Mikrophotometer noch mit Sicher- 
heit nachweisbare Schwirzungsunterschied annihernd konstant ist und dass die 
Gesamtzahl der zu einer Linie fokussierten Photonen mit der Zah! der darin betind- 
lichen Untergrundphotonen vergleichbar ist. schreibt sich (8) zu 


eM, I 
AQ s AS Inlo =k konstant 


Ql QM, OM, 
Damit modifiziert sich die Beziehung (6) zu: 
(QM. + 2QM,) 
ON, 
Fiir das kleinste von der photographischen Schicht und dem Mikrophotometer noch 
gerade messbare Eingangssignal erhalten wir somit: 


konstant 


217, (10) 


Auf Grund der statistischen Streuung der in der photographischen Schicht in 
aufeinanderfolgenden Zeitintervallen absorbierten Photonen, der begrenzten Emp- 
tindlichkeit des Mikrophotometers, sowie dem durch das Kontinuum der Strahlungs- 
quelle und Streustrahlung verursachten Untergrund, ist es demnach_ prinzipiell 
unmdglich beliebig kleine Linienintensitaten quantitativ zu erfassen. 

Dadurch erwiichst der Nachweisgrenze der optischem Emissionsspektroskopie 
eine untere Grenze, die bei vorgegebener Empfindlichkeit des Mikrophotometers, 
vorgegebenem relativen Fehler der Messgrésse und vorgegebener Quantenausbeute 
des Empfingers allein durch eine Verringerung des Untergrundes bzw. durch eine 
Erhéhung der Ausnutzung des von der Strahlungsquelle emittierten Signals erhéht 
werden kann. Im folgenden wird nun gezeigt, wie und inwieweit sich diese Grenze 
der Nachweisempfindlichkeit durch Variation von optischen Gréssen des Dispersions- 


systems beeinflussen und erhéhen liisst. 


3. Der Einfluss optischer Gréssen des Dispersionssystems auf 
die Nachweisempfindlichkeit 


3.1. Grundlagen und Begriffe 

Die Arbeitshypothese der Emissionsspektroskopie des optischen Spektrums beruht 
bekanntlich auf der Annahme, dass die iiber ein bestimmtes Zeitintervall integrierte 
Strahlungsleistung einer Linie der Konzentration des korrespondierenden Elementes 
in der angeregten Probe annihernd proportional ist; d.h. 

dt = C 

wobei wir mit ¢ die Strahlungsleistung, mit ¢ die Integrationszeit und mit (' die 
Konzentration bezeichnen. Da sich die tiber ein gewisses Zeitintervall integrierte 
monochromatische Strahlungsleistung als eine bestimmte Zahl von Photonen 


bestimmter Frequenz aufassen lisst, gilt offensichtlich folgender Zusammenhang : 


(11) 
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Im folgenden ist noch zu beriicksichtigen, dass die Signalphotonen vor ihrer Ankunft 
auf der photographischen Schicht das optische Dispersionssystems zu durchlaufen 
haben. Die endliche Apertur der abbildenden und dispergierenden Optik, die 
Absorptions- bzw. Reflexionsverluste bedingen naturgemiiss, dass lediglich ein 
Bruchteil der auf den Eintrittsspalt des Dispersionssystems einfallenden Strahlung 
auf die photographische Schicht gelangt. 

Interpretieren wir J, als die dem Signal entsprechende Photonendichte M .* 
(Photonen/Flicheneinheit), so kénnen wir diesen Verlusten durch die Beziehung 


M,* = LC (12) 


Rechnung tragen, wobei wir unter L den Strahlungsleitwert des optischen Dispers- 


sionssystems verstehen. Unter der Voraussetzung, dass die Spektrallinien ein 
unver grdssertes Bild des Eintrittsspaltes sind, gilt : 


(13) 


JF — Transmissions- bzw. Reflexionsverluste im Dispersionssystem ; 
A - kleinste wirksame Apertur im Dispersionssystem ; 
— Kamerabrennweite. 
Da die Lineardispersion angibt, wie gross der Abstand zweier Spektrallinien 
vorgegebener Wellenlingendifferenz ist, folgt, dass die Photonendichte des Unter- 
grundes mit zunehmender Lineardispersion linear verdiinnt wird: dh. 


= Ms, — Me, 


Ri» D,, 


(14) 


wobei wir mit D, , die bei irgend einen Ausgangspunkt mit dem Untergrund J/* 


uv 


vorliegende Lineardispersion und unter R, die korrespondierende reziproke Linear- 
dispersion verstehen. Mit (12) und (13) schreibt sich (10) zu: 


k? R 0 — R 
Lc == =") — 
Ryo R, 0 


Unter der Voraussetzung, dass k?/F? Q > 2R, »/M* 


vereinfacht sicht obige Bezie- 


hung mit guter Naiherung zu: 


(15) 


Diese Beziehung ist aber nur so lange giiltig, als der Eintrittsspalt das Profil der 
Intensitatsverteilung einer Linie in der Fokalfliche bestimmt: d.h. so lange als 


Ad 


h konstant (16) 
R, 
4b — Spaltbreite der Eintrittsspaltes ; 
i’ Halbwertsbreite der Intensititsverteilung einer Spektrallinie in der Fokal- 


fiche; 
Bandbreite des optischen Dispersionssystems. 
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Unterschreitet aber die Bandbreite des Dispersionssystems einen gewissen Wert 
Aji,., unter dem die natiirliche Bandbreite der fraglichen Spektrallinie zu verstehen 
ist, so wird die Wirkung des Eintrittsspaltes, als bestimmende Grésse des Linien- 
profils in der Fokalfliche aufgehoben; die Beziehung modifiziert sich in diesem Fall 
zu: 

AA, 


b’ Ady (17) 
wobei der Index’ angibt, dass die reziproke Lineardispersion in diesem Fall kleiner 
ist, wie der mit der natiirlichen Bandbreite der fraglichen Linie korrespondierende 
Wert; dh. R, = R,’ < R,* Unterschreitet also die reziproke Lineardispersion den 
Wert R,°* so ist die Halbwertsbreite der Intensititsverteilung einer Linie nicht mehr 
konstant, sondern der reziproken Lineardispersion umgekehrt proportional. Die 
dadurch hervorgerufene Linienverbreiterung hat naturgemiiss eine Verdiinnung der 
Signalphotonen pro Flicheneinheit zur Folge. Fiir R, = R,'’ < R,* schreibt sich 
die Beziehung (12) demzufolge zu: 


+ = (18) 


Andererseits muss aus den weiter unten aufgefiihrten experimentellen Befunden 


nebst der Linienverbreiterung 


geschlossen werden, dass das Unterschreiten von R, 
eine Zunahme des Untergrundes verursacht, die dessen, mit der Senkung von R,’ 
verbundene Verdiinnung gerade aufhebt. Insofern also die Bandbreite des Dis- 
persionssystems die natiirliche Linienbreite unterschreitet, schreibt sich die Bezie- 
hung (10) mit (18) zu: 


konstant (19) 


3.2. Der Einfluss der Lineardispersion auf die Nachweisgrenze 

Die Beziehungen (15) und (19) zeigen, dass die Nachweisgrenze durch Herabset- 
zung der rez. Lineardispersion solange gesenkt werden kann, bis die Bandbreite des 
optischen Dispersionssystems die natiirliche Linienbreite erreicht. Die Senkung der 
Nachweisgrenze ist bis zu einer gewissen Konzentration, die wir im folgenden als 
minimale Konzentration oder Minimum der Nachweisgrenze bezeichnen, dem Quad- 
rat der reziproken Lineardispersion und nach Erreichen der minimalen Konzentra- 
tion der Lineardispersion proportional. Da die durch den Dopplereffekt verursachte 
natiirliche Linienbreite der Wurzel aus dem Atomgewicht des korrespondirenden 
Elementes umgekehrt proportional ist, verschiebt sich dieses Minimum der Nach- 
weisgrenze mit abnehmendem Atomgewicht nach grésser werdender reziproker 
Lineardispersion. Aus diesem Grund ist zu erwarten, dass die Nachweisgrenze fiir 
ein leichtes Element bei wesentlich hGheren Konzentrationen liegt als dies bei einem 
schweren Element der Fall ist. 

Ueber experimentelle Untersuchungen dieser Zusammenhiinge berichtet JARRELL; 
sie wurden an Th in U und Cd in Zn durchgefiihrt [1]. Als optisches Dispersions- 
system diente ein Jaco Plangitterspektrograph mit Ebert-Montierung: diese 


1} R. F. Jarrew., Jaco Newsletter 1, 2 (1955). 


VUL« 


17 


4 
‘ ] 

2 = 
he 
6 

4 
304 


Ueber den Einfluss optischer Gréssen auf die Nachweisgrenze der Emissionsspektroskopie 


Anordnung erméglicht bekanntlich einen einfachen Wechsel der Spektralanord- 
nungen und deren vertikale Separierung iiber ein vordispergierendes System [2]. 
In Abb. 1 ist der Verlauf der experimentell bestimmten Nachweisgrenze von Th 


in U als Funktion der rez. Lineardispersion wiedergegeben. Der Verlauf dieser 


A/mm 


Abb. 1, Verlauf der experimentell bestimmten Nachweisgrenze von Th in U (1); 
Eintrittsspalt 10. 


Kurve zeigt, dass die Nachweisgrenze ein Minimum aufweist und bis zu diesem 
Punkt in guter Niherung mit dem Quadrat der rez. Lineardispersion abnimmt und 
nach dem Erreichen dieses Minimums mit anwachsender Lineardispersion linear 


zunimmt. Dieses Ansteigen der Nachweisgrenze zwingt zur Annahme, dass der 


3 a 
A/mm 
Abb. 2. Verlauf der experimentell bestimmten Nachweisgrenze von Cd in Zn (1); 
Eintrittsspalt 10. 
Untergrund fiir R, = R,’ < R,* weitgehend konstant ist. Die Linienverbreiterung 
L L L 
hat demnach nebst der Verdiinnung der Signalphotonen eine Erhéhung des Unter- 


grundes zur Folge, die dessen Verdiinnung gerade aufhebt. 
Abb. 2 schliesslich zeigt den Verlauf Nachweisgrenze von Cd in Zn; der Kurven- 
verlauf ist offensichtlich analog demjenigen von Th in U. Da aber Cd gegeniiber Th 


2) R.F. Jarre, J. Opt. Soc. Am. 45, 259 (1955). 
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wesentlich leichter ist, wird die natiirliche Linienbreite bereits bei einer rez. Linear- 
dispersion von 2,5 A/mm erreicht; bei Th betriigt sie dagegen 1,5 A/mm. Entgegen 
aller Erwartung fillt aber der Wert des Minimums der Nachweisgrenze von Th aus. 
Betrug diese Grésse bei Cd, das ein Atomgewicht von 112.4 aufweist, ungefihr 
0,0004°.. so konnte bei Th, dessen Atomgewicht immerhin 232 betriigt, lediglich 


0.03°. erreicht werden. Diese Diskrepanz beruht auf der Tatsache, dass die emp- 
findliche und verwendete Th-Linie 4019,137 mit einem starken und zusiitzlichen 
Untergrund der U-Linien 4019.2 und 4018,99 behaftet ist. An diesem Beispiel 
wird veranschaulicht, dass ein schweres gegeniiber einem leichten Element in der 


Regel nur dann ein tieferes Minimum der Nachweisgrenze aufweist. wenn die 
\nalvsentinie keinen zusitzlichen, durch Interferenzlinien verursachten Untergrund 


aufweist 


Theorie und Experiment fiihren demnach iibereinstimmend zu _ folgenden 


Schliissen 
(a) Die Nachweisgrenze der optischen Emissionsspektroskopie mit photographi- 


scher Registrierung ist bis zu einer gewissen Konzentration, die wir die minimale 
Konzentration oder das Minimum der Nachweisgrenze nennen, dem Quadrat der 
reziproken Lineardispersion proportional. 


(b) Wird die reziproke Lineardispersion unter den mit dem Minimum der 
Nachweisgrenze korrespondierenden Wert gesenkt, so ist die Nachweisgrenze det 
reziproken Lineardispersion umgekehrt proportional. 

(¢) Die mit dem Minimum der Nachweisgrenze korrespondierende reziproke 
Lineardispersion ist dann erreicht, wenn die natiirliche Linienbreite zur Bandbreite 
des optischen Dispersionssystems wird. 

(d) Da der Doppleranteil der natiirlichen Linienbreite der Wurzel aus dem Atom- 
gewicht des fraglichen Elementes umgekehrt proportional ist, verschiebt sich das 
Minimum der Nachweisgrenze, bei Abwesenheit von einem zusiitzlich von Inter- 
ferenzlinien verursachten Untergrund, in Richtung zunehmender reziproker Linear- 


dispersion. Auf Grund dieser Tatsache ist die minimale Konzentration oder die 


prinzipiell kleinste noch nachweisbare Konzentration fiir leichte Elemente wesentlich 


hoher wie fiir schwere Elemente 
Durch Reduktion der reziproken Lineardispersion ist es also méglich, die kleinste 


noch nachweisbare Konzentration eines bestimmten Elementes in einer gewissen 


Matrix auf einen minimalen Wert zu senken. Die mit dieser minimalen Konzentration 


korrespondierende rez. Lineardispersion wird durch die natiirliche Linienbreite der 


\nalvsenlinie festgelegt und ist eine fiir jedes Element charakteristische Grésse. 


Um die Bestimmung der kleinsten noch nachweisbaren Konzentration eines 


gewissen Elementes sicherzustellen, ist es demnach notwendig. dass die reziproke 


Lineardispersion des Spektrographen jeweils den fiir das zu analysierende Element 


charakteristischen Wert aufweist. Bei einem Eintrittsspalt von 20 « liegen diese 
Werte fir Th, Pt, Au, Hg. Tl. Pb und Bi um 0.75 A/mm, fiir Cd. Ag. Mo und Sr um 
1.3 A/mm und fiir V. Ca, Ti, Cr. Mu, Fe. Co, Ni, Cu und Zn um 2 A/mm 


3.3. Der Einfluss des Strahlungsleitwertes auf die Nachweisgrenz 


Unter dem Strahlungsleitwert L des optischen Dispersionssystems verstehen wir 


definitionsgemiiss das Verhaltnis zwischen der Bestrahlungsdichte einer Linie in der 
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Fokussierungsebene und der Strahlungsdichte der korrespondierenden Frequenz auf 
dem Eintrittsspalt. Unter den bereits aufgefiihrten Voraussetzungen wird diese 
Grésse durch folgende Verkniipfung optischer Gréssen festgelegt : 


Auf Grund der Arbeitshypothese der Emissionsspektroskopie, die, wie bereits 
erwaihnt, auf der Annahme beruht, dass die auf dem Eintrittsspalt vorliegende und 
iiber ein gewisses Zeitintervall integrierte Strahlungsleistung bezw. Strahlungsdichte 
einer Linie mit der Konzentration des korrespondierenden Elementes in der angereg- 
ten Probe auf lineare Weise verkniipft ist, konnen wir auch schreiben: 
.* 
L ZF (20 
f? ) 
Dadurch, dass die Nachweisgrenze diesem Verhiltnis, dem Strahlungsleitwert des 
Dispersionssystems also, proportional ist (15), besteht die Méglichkeit, die minimale 
Konzentration durch eine Erhéhung der Transmission bzw. eine Verringerung der 
Reflexionsverluste, sowie eine Erhéhung der kleinsten wirksamen Apertur des 


Dispersionssystems zu senken. 

3.3.1. Erhéhung der kleinsten wirksamen Apertur. Die kleinste wirksame Apertur 
des Dispersionssystems ist in der Regel gleich der wirksamen Apertur des Disper- 
sionselementes und wird durch die noch zulissige Aberrationen der abbildenden 
Optik und bei Gitterspektrographen zudem noch durch die Abweichungen von der 


idealen Gitterteilung festgelegt. 

Bei Konkavgitteranordnungen mit astigmatischer Abbildung, der Paschen-. 
Eagle- und Seva-Namioka Anordnung also, ist der wirksamen Gitterhéhe zufolge 
Astigmatismus und der wirksamen Gitterbreite zufolge der sphirischen und andern 
Aberrationen eine obere Grenze gesetzt. Der Astigmatismus hat bekanntlich zur 
Folge, dass ein Punkt auf dem Eintrittsspalt in der Fokalebene als Linienstiick 
erscheint, wobei die wirksame Gitterhéhe der vertikalen Ausdehnung dieses Linien- 
stiickes direkt proportional ist. Die mit einer Erhéhung der Gitterhéhe verbundene 
Zunahme der Apertur und des Strahlungsleitwertes wird demnach durch die mit der 
Erhéhung des Astigmatismus verbundenen Reduktion der Bestrahlungsdichte 
aufgehoben. Bei Konkavgitterspektrographen mit astigmatischer Abbildung ist es 
deshalb unmdéglich eine Steigerung der Nachweisempfindlichkeit durch Erhéhung 
der wirksamen Gitterhéhe herbeizufiihren. Die sphirische und andere Aberrationen 
haben, wie NaAMIOKA [3] gezeigt hat, zur Folge, dass der Strahlungsleitwert bei einer 
gewissen Gitterbreite ein Maximum erreicht. Wird die wirksame Gitterbreite iiber 
diesen optimalen Wert hinaus erhéht, so nimmt der Strahlungsleitwert ab. 

Die Konkavgitteranordnung nach Wadsworth und die Plangitteranordnung nach 
Ebert weisen dagegen eine weitgehend stigmatische Abbildung auf. In diesen 
Fallen ist es demnach méglich, die wirksame Gitterhéhe ohne wesentliche Herabset- 
zung der Bestrahlungsdichte bis an die Grenze des technologisch méglichen zu 
{3} T. Namioka, J. Opt. Soc. Am. 49, 446, 961 (1959). 
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steigern. Beziiglich der wirksamen Gitterbreite gelten dagegen die gleichen Ein- 
schrinkungen wie bei den stigmatischen Anordnungen. 

3.3.2. Verringerung der Re fle rionsverluste. Bei Gitterspektrographen werden die 
Reflexionsverluste im Dispersionssystem durch das Refiexionsvermégen der abbil- 
denden Spiegel und den Wirkungsgrad des Dispersionselementes bestimmt. Vers- 
tehen wir unter dem Wirkungsgrad eines optischen Reflexionsgitters das Verhiltnis 
zwischen der Strahlungsleistung der einfallenden und dispergierten Linie, so hiingt 
diese Grésse wesentlich vom Profil der Gitterfurche ab und ist bei festem Furchen- 
profil eine Funktion der Wellenlinge. In Abb. 3 ist der Wirkungsgrad in Funktion 
der Wellenlinge fiir vier Gitter mit dreieckf6rmigen Furchenprofil wiedergegeben. 


Nermorstante 


Wirkungsgrod 


Wirkungsgrad von vier im Blaze-Winkel unterschied lichen Reflexionsgittern mit 
dreieckformigen Furchenprofil 


Offensichtlich weist der Wirkungsgrad ein ausgeprigtes Maximum auf und das 


Maximum wandert mit spitzer werdendem Furchenprofil nach langeren Wellen- 
lingen. Dieses Maximum wird verschiedentlich als Blaze und die damit korres- 
pondierende Wellenlinge als Blaze-Wellenlinge bezeichnet. In diesem Zusammen- 
hang ist es leider nicht médglich auf die Grundlagen der Blaze-Wirkung niher 
einzugehen: wir stellen also lediglich fest, dass der Wirkungsgrad eines Reflexions- 
gitters eine Funktion der Wellenlinge ist und ein Maximum aufweist, dessen 
Wellenlinge vom Furchenprofil abhingt. 


Da der Strahlungsleitwert mit der Verringerung der Reflexionsverluste, einer 
Erhéhung von 7 also, linear verkniipft und dem Minimum der Nachweisgrenze 
umgekehrt proportional ist, kann die kleinste noch nachweisbare Konzentration 
dadurch gesenkt werden, dass jeweils ein Gitter verwendet wird, dessen Blaze- 
Wellenlinge mit der Wellenlinge der Analysenlinie zusammenfiallt oder ihr zum 
mindesten sehr nahe liegt. Auf Grund des Umstandes, dass der gleichzeitigen 
Verwendung mehrerer Gitter in der Forderung ihrer homogenen Ausleuchtung grosse 
Schwierigkeiten erwachsen, besteht heute zur Senkung der minimalen Konzentration 
in dieser Hinsicht, lediglich die Méglichkeit, die Analyse mit selbsttiatig auswechsel- 
baren und vorjustierten Gittern in aufeinanderfolgender Weise durchzufiihren. Die 
Zahl der notwendigen Gitter hingt naturgemiiss von der Wellenlingenverteilung der 
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Analysenlinien und der Verteilung des Wirkungsgrades der in Frage stehenden 
teflexionsgitter ab. 


Zusammenfassung 


Ausgehend von den statistischen Schwankungen der in der empfindlichen Schicht 


des Strahlungsempfiangers absorbierten Photonen wird gezeigt, dass die daraus und 
dem Untergrung erwachsende Begrenzung der Nachweisgrenze der Emissionsspek- 
troskopie mit photographischer Registrierung durch entsprechende Wahl der 
optischen Gréssen des Dispersionssystems aiif eine, von der natiirlichen Linienbreite 
und den optischen Aberrationen des Dispersionssystems festgelegte Schwelle gesenkt 
werden kann. 


‘ 
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substituted aromatic molecules 
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Abstract Some earlier correlations made by Dovs and VANDERBELT for the effect of sub- 
stituents upon the electronic absorption bands of aromatic molecules are discussed and extended. 
It is shown that the results are in better accord with an analysis derived from frequency shifts. 


1. Introduction 


THE ultra-violet spectra of aromatic compounds have been widely investigated and 


both empirical and theoretical correlations have been recorded [1,2]. Much of this 


work has been confined to an examination of the medium intensity highly resolved 
B-bands (&m., ~ 200 at 240-260 mu in benzene). The effect of auxochromes on the 
high-intensity primary or E-bands (¢,,, * 7000 in the neighbourhood of 200 my 
in benzene) was first investigated systematically by Dous and VANDENBELT [3-5] 
since when other workers have made detailed studies of the high intensity bands in 
a variety of substituted benzene compounds (see below). 

Dovus and VANDENBELT have measured the electronic spectra of aqueous solu- 


tions of a wide variety of mono-{3], di-[3,4] and tri-substituted [5] derivatives of 


benzene. They showed that their results could best be systematized by the assump- 
tion that all the accessible bands in the spectrum of benzene are progressively 
shifted towards the visible by substitution. The magnitude of this bathochromic 
shift is dependent on the nature, number and position of the substituents. In 
addition, they were able to demonstrate an apparent empirical relationship between 
the displacement of the first band (£-band: corresponding to the band in the spec- 
trum of benzene with e,,,., = 203°5my in aqueous solution) for p-disubstituted 
benzenes and the separate displacements of the same band for the two corresponding 
monosubstituted compounds. Thus the displacements of the band in the mono- 
substituted derivatives (A/,, A/,) and in the p-disubstituted compound (AA,,) are 
related in the following way: when the two groups are of the same directing power 


in electrophilic aromatic substitution then the displacement, A/,,, is close to that of 


the larger of the two monosubstituted displacements, but, when the two groups are 
of different directional ability the displacement A/,, is markedly larger than the sum 
of the displacements of the single groups (AA, + AjA,). 


1} A. E. Gittam and E. 8. Stern, An Introduction to Electronic Absorption Spectroscopy. Kdward 
Arnold, London (1957) 
A. B. F. Duncan and F. A. Matsenr, Chemical Applications of Spectroscopy (Edited by Ww. West) 
Chap. 5, Interscience, New York (1956). 
L. Dovs and J. M. VANDENBELT, J. Am. Chem. Soc. 69, 2714 (1947). 
L. Dovs and J. M. VANDENBELT, J. Am. Chem. Soc. 71, 2414 (1949). 
L. Dovs and J. M. VANDENBELT, J. Am. Chem. Soc. 77, 4535 (1955). 
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Analysis of Dous and VANDENBELT’s data suggests that the spectral shifts may 
he more conveniently divided into three classes: (a) AA,, = AA, + Ad, + 3 mp 
when both groups are o—p-directing; (b) AZ,. < AA, + Ad, (by 0-5 to 67-5 my) 
when both groups are m-directing; (c) Ad,. > AA, + Ad, (by 1-5 to 102-5 my) when 
the groups are of different orientating ability. There is thus a slight overlap between 
the classes (a) and (c). The success with which Dous and VANDENBELT’s generaliza- 
tion accommodates the fifteen substituent groups investigated suggests that it would 
be advantageous: (i) to extend the range of substituent groups; and (ii) to examine 
more closely the theoretical basis of this effect. 


2. Extension of the range of substituent groups 


Because the absorption maximum varies with solvent, it is necessary to refer all 
measurements for a given substituent to the same solvent. When this precaution is 
observed, examination of the literature shows that the correct directing effect is 
predicted spectroscopically for the following substituents, F [6,7], I [6], SCH, [8], 
N(CH,), [9], NHCOR [10], SC,H, [11], CH,NO, [12], CCl, [12]. For most of these 
substituents at least five compounds are available to test the effect. In addition, 
predictions can be made for the substituent groups CH-—-NCH, [13], HgCl [14,15], 


CH—OH [16] and CCH,—-OH [17] which are in accord with expectation. However, 
the available spectroscopic data [18] suggests that —CH-—CH—NO, is m-directing 
whereas it has been shown experimentally [19] to be o-p-directing. Similarly, the 
spectroscopic predictions for the groups —CH=—-CH—COOH [20, 21] and C,H, 
[7, 16,17] are incorrectly meta and the data for —-CH=-CH, and —C=CH [13] are 
ambiguous in that they indicate either o~p- or m-direction. The spectroscopic data 
for the NO group [22-24] predict a m-directing effect whereas the available experi- 
mental evidence | 25-27] supports only p-substitution. However, as it seems probable 
that substitution in the ring is subsequent to addition to the N=O group [28], this 
evidence is inconclusive. It may be noted that those substituent groups which show 
discrepancies between prediction and experiment can all markedly extend the con- 


W. F. Forses and A, 8. Raupn, Can. J. Chem. 34, 1447 (1956). 
A. Burawoy, Tetrahedron 2, 122 (1958). 
A. Burawoy, J. P. Crrrcniey and A. R. THompson, Tetrahedron 4, 403 (1958). 
| W. R. Remineton, J. Am. Chem. Soc. 67, 1838 (1945). 
W. F. Forses and M. B. Suerarre, Can. J. Chem. 38, 1829 (1955). 
. Manoarnt and R. Passerint, J. Chem. Soc. 1168 (1952). 
A, Burawoy and E, Spinner, J. Chem. Soc, 2557 (1955). 
. Burawoy and J. P. Crircuiey, Tetrahedron 5, 350 (1959). 
. LEanpri and A. Tunpo, J. Chem. Soc. 3377 (1954) 
. G. GowENLocK and J. Trotman, J. Chem. Soc. 1454 (1955). 
. Burawoy and A. R. TuHompson, J. Chem. Soc. 4314 (1956). 
. Burawoy and E, Sprnner, J. Chem. Soc. 2085 (1955). 
. J. Kamuet and D., J. Grover, J. Am. Chem. Soc. 77, 5696 (1955). 
J. W. Baker and I, 8. Wirson, J. Chem. Soc, 842 (1927) 
T. W. CampsBe tt, 8S. LinpEN, 8. GopsHaLk and W. G, Youna, J. Am. Chem. Soc. 69, 880 (1947 
. GRAMMATICAKIS, Compt. rend. 239, 883 (1954). 
. Scnors, A. KRAAWEVELD and E. Havinaa, Rec, trav, chim. 74, 1243 (1955). 
<. NAKAMOTO and R. E. Runpie, J. Am. Chem. Soc. 78, 1113 (1956), 
’ J. Miss. Thesis, Leiden (1959). 
J. Chem. Soc. 513 (1925). 
. J. W. Le Fevre, J. Chem. Soc. 810 (1931). 
. Lu. Hamo™ick and W. 8. J: Chem. Soc. 2358 (1930). 
Ropertson, T. R. Hircuines and G. M. Witt, J. Chem. Soc. 808 (1950), 
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jugation of the parent ring, although this does not appear to be a necessary reason 
for the failure of the Dous and VANDENBELT rules (ef. carbonyl compounds). 


3. A theoretical basis for the displacement effects 


When the groups examined by Dous and VANDENBELT are arranged in order of 


increasing bathochromic effect, the order 
NH,* < CH, < Cl < Br < OH < OCH, < SO,NH 
CN < NH, COOH < O- < COCH, < CHO < NO, 


is clearly that of increasing electronic interaction with the ring. It is difficult to 
extend this correlation to the directing effects of the substituents: no direct and 
simple correlation can be drawn for the known [29] inductive, mesomeric and electro- 
meric effects of these groups. The orientating influence of a group depends, in part, 
upon the polarization induced by the approach of the electrophilic reagent; such 
polarization might be simulated in the unperturbed ground state by the presence of 
the second (para) substituent, but this cannot be guaranteed. Attempts to correlate 
the spectra shifts with polarizabilities and with mesomeric moments proved un- 


satisfactory. 

The electronic spectrum is based upon energy differences between the ground and 
excited states of a molecule. Accordingly, it seemed probable that any quantitative 
correlations in the spectral shifts would find simpler expression in terms of frequency 
units (which are directly proportional to the energy differences). When the relative 
frequency shifts, (vy, — ¥,,)/r,, of a series of disubstituted derivatives (one substituent, 
“1” being kept constant) were compared with the relative frequency shifts of the 
monosubstituted compounds, (v7 — v,)/ry, (where vz is the value for benzene) a 
result of striking simplicity emerged. Fig. | shows some typical graphs obtained 
from the data of Dovs and VANDENBELT: the lines are satisfactorily linear and obey 
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the relationship 


| The gradient, m, is dependent on the nature of the substituent “l’’; a second 
plot of these gradients against the function (v,, — ¥,)/¥, was also linear (Fig. 2) and 
obeved the relation 

3 m — + 1 (2) 


Combining equations (1) and (2) and simplifying we have: 


Vio (1 (’) Clry (3) 


which has the necessary symmetrical form. The value for ('%,, is 5-1. 
An expression differing only in the value of the constant C may be obtained from 
the data for m-distributed compounds (C% 1-3), and similar linear plots (Fig. 3) 


meta 


are obtained from the data previously noted for p-disubstituted compounds con- 


CHNO,, SCH,, NO, HgCl. 


taining the groupings C,H,, CH 


29) J. Packer and J. VauGuan, A Modern Approach to Organic Chemistry. Oxford University Press 


(1958). 
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Two points follow directly from the form of equation (3). The common origin of 
the first primary (/#) bands inferred by Dove and VANDENBELT from the nature of 
the spectrogram is completely substantiated. However, the ability to express the 
frequency v,, solely in terms of the frequencies of the corresponding bands of the 
monosubstituted compounds demonstrates the absence of any effect in this electronic 


/ 


/ / 


Fig. 1. Correlation of the relative frequency shifts of p-substituted ary] compounds with 

those of the corresponding monosubstituted benzenes: (a) anilinium salts, : (b) toluenes, 

@; (c) benzoates, ; (d) anilines, ; (e) acetophenones, @; (f) nitrobenzenes ; 

(For clarity, 0-04, 0-08, 0-12, 0-16, 0-20 have been added to the y-axis of the lines (b), (ce), 
(d), (e) and (f), respectively.) 


transition due to specific interaction between the substituents in the disubstituted 
compounds, i.e. this electronic transition does not discriminate between substituents 
of differing orientating power. Thus the basis of the spectroscopic rule for determin- 
ing orientating power is illusory. By substitution in equation (3) of 1/2 = » and 
rearrangement we have: 


(4) 
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ily 
orrelation of the gradients (m) with the function (va ¥,)/vy: @, p-disubstituted 


mpounds; , m-disubstituted compounds 


O4 02 


Fig. 3. Correlation of the relative fre quency shifts of Pp substituted aryl compounds with 
those of the corresponding monosubstituted benzenes (ethanol solutions). (a) methyl 
thiobenzenes, b) diphenvls, . ¢) nitrosobenzenes, +: (d) nitrostyrenes, 


(e) phenyl mercuric chlorides, @. (For clarity 0-02, 0-04, 0-06, 0-08 have been added to the 
y-axis of the lines (b), (c), (d) and (e), respectively.) 


314 


: 
25 | 
m 
| . 
J . 
. 
| 
Cc 
V L 
Fig. 2. 17 
196) 
- 
x 
> 
4 
» 
| 
| 


Some correlations in the electronic spectra of substituted aromatic molecules 


which may be directly compared with the spectroscopic shifts. It is apparent from 
equation (4) that the magnitude of the quantity 6 = (A/, + AA, — AjZ,,) is governed 
by the relative size of the products /,/, and /,,A,,._ It is consequently in accord with 
expectation that 6 should vary smoothly from negative through zero to positive 
values. It seems probable that the apparent conformity of the data to the orientation 
rules is largely fortuitous and derives mainly from the larger A/ values associated 
with the m-directing groups examined (when /, and /, are both large, the value of 
Ay, necessary to render A/,. ~ AA, + Ad, is very great); it may be noted that the 
superficially anomalous groupings discussed above all show large A/ values. 

During the preparation of the plots in Fig. 1 it was noted that a few points fell a 
considerable distance from the line: viz. p-dinitrobenzene, p-nitrobenzoic acid (and 
its anion) and terephthalic acid; other discrepant substances were encountered 
during the preparation of Fig. 3: p-nitro--nitrostyrene, methylthio-p-nitrobenzene, 
p-nitrobenzoic acid (its anion and ethyl ether) and p-nitrosonitrobenzene. In each 
case there are present two electron attracting groups which interact strongly with 
the ring. It may be that under these conditions the energy levels of the disubstituted 
compounds are more profoundly modified than those of the monosubstituted 
compounds. 


4. Experimental 
A number of the literature spectra were checked by means of a Cary 14 Recording 
spectrophotometer. The slopes of graphs were calculated by the method of least 
squares (ignoring the four widely divergent points recorded above). 


Acknowledgements—-Discussion with Dr. L. Barr and correspondence from Dr. W. J. Mis 
concerning the spectra of nitrosobenzene and its derivatives is acknowledged. 
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Abstract Results of an investigation of the absorption spectra of solutions of copper and nickel 
complexes with saliceylaldehyde, salicylaldimine and N-methylsalicylaldimine are reported. 


Some of the solutions do not obey Beer's law and there is strong evidence for association between 


the complex molecules in these instances. The spectral bands of the complexes have been 


correlated with the degree of covalency of the metal-ligand bonds and these have been found 


to change when there is association or appreciable solvent perturbation. These bond changes 
are from nearly pure covalent to pure ionic and it is here suggested that the former are best 
described in terms of 4e4p*4d-hybrid orbitals. The complexes which have ionic metal-ligand 


bonds do not show evidence of association and their solutions obey Beer's law. 


Introduction 


IN RECENT vears considerable attention has been given to the interpretation of 


various physical properties of transition metal complex ions, particularly their 
visible absorption spectra. The electrostatic crystal field model has contributed 
largely to this revived interest at the expense of the valence bond model which is 


based mainly on a correlation between stereochemistry and magnetism. The sharp 
change from covalent to ionic bond character inherent in the latter theory is its 
main difficulty while in the former the change is gradual and more easily reconciled 
with experimental evidence so far published 

\ survey of the literature shows that the primary concern has been the understand- 


ing of the various properties peculiar to the metal ion and the way in which these 

: are modified by the ligand field. Very little attention has so far been directed to the 

i ligands. This is a pity because, provided that a suitable choice of ligand is made, 

? a study of the electronic energy levels of the ligand is capable of giving a sensitive 

. measure of the interaction between metal and ligand in the complex. Salicylaldehyde 

or, more important, its ion (removal of the phenolic proton) is suitable for this be- 

cause the energy levels of the molecule are sensitive to changes in the electron 

distribution at the phenolic oxygen atom. This is readily seen from a comparison 

between the spectra of the neutral molecule and its ion [1]. The ultra-violet spectrum 

of salievlaldehyde in 0-1 N HCl shows bands at 212, 256 and 324 mu for which the 

* molar extinction coefficients are 18,900, 12,600 and 3400, respectively, while the ion 
. in &1 N NaOH has absorption bands at 226-5, 264-5 (shoulder) and 377 my with 


molar extinction coefficients of 18,200, 7500 and 6700, respectively. The removal of 


the phenolic proton increases the mesomeric release of electrons from the oxygen 


atom into the benzenoid ring and results in a red shift of the absorption bands, this 


being most pronounced in the lowest absorption band 
We expect, therefore, that a study of the ultra-violet absorption spectra of 


1} L. Downs and J. M. Vaxpensevr, J. Am. Chem. Sec. 71, 2412 (1949). 
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metal complexes of salicylaldehyde might give some measure of the extent of the 
interaction between the metal ion and the ligand. If there is no overlap between 
metal orbitals and the non-bonding orbitals of the oxygen atoms then the spectrum 
of the ligand in the complex should show a strong resemblance to the spectrum of 
the salicylaldehyde ion. Any tendency towards the formation of covalent bonds 
between the metal ion and the ligand will result in a decrease of the mesomeric 
interaction between the phenolic oxygen and the benzenoid ring and the ligand 
absorption bands should shift towards higher energy from the free ion values. As 
well as salicylaldehyde the imines are also useful for this purpose. Salicylaldimine 
and N-methylsalicylaldimine have been used in the present work, as the spectra of 
their ions are closely related to that of salicylaldehyde ion, while the spectra of the 
neutral molecules are also similar to that of salicylaldehyde except for the addition 
of a weak band near 400 my, which can be ascribed to an n—z transition involving 
the non-bonding orbital of the nitrogen atom. 

Two metal ions were studied in the present work, divalent copper and nickel. 
The complexes are all square planar with the exception of that between nickel and 
salicylaldehyde, which has a square planar arrangement of the salicylaldehyde ions 
but with the addition of two water molecules in the axial positions completing an 
octahedron. The nickel complexes are of considerable current interest because the 
square planar ones are diamagnetic while their solutions show paramagnetism to 
varying extents. This solvent-induced paramagnetism, at one time assumed to be 
the result of a change to a tetrahedral configuration of the ligands, has been shown 
from theoretical considerations to be due to the influence of an axial perturbation 
by solvent molecules forcing a low-lying triplet state below the singlet ground state 
of the square planar arrangement [2]. The solution spectra have been reported in 
a number of publications [3—9] and a most important correlation has been established 
between the intensities of the bands of the nickel complexes and their magnetic 
behaviour [4]. However, in the present work it was found that some of the solutions 
do not obey Beer’s law and spectra of these were carefully remeasured. Only those 
spectra which do not obey Beer’s law are reproduced here and reference to the 
literature [3-9] should be made for the spectral curves of the others. 


Results 
The cupric complex with salicvlaldehyde is appreciably soluble in chloroform and 
pyridine and in both these solvents there is a marked departure from Beer’s law. 


The spectrum in chloroform is shown in Fig. 1. At the lowest concentration the 


spectrum is characterized by a band at about 328 mya with molar extinction co- 
efficient (¢) about 7800. There is also another band at about 260 mu, e ~ 24,000, not 
shown in the figure. As the concentration is increased to about 10-4 M the intensity 


2} G. Maki, J. Chem. Phys. 28, 651; 29, 162, 1129 (1958). 
3) H. A. McKenzie, D. P. J. A. and L. N. Snort, J. Proc. Roy. Soc. N.S. Wales 78, 70 

(1944). 

H. C. and A, L. J. Chem. Soc. 520 (1956). 

K. Sone, J. Am. Chem. Soc. 75, 5204 (1953) 

L. Saccont, P, Paoterti and G. Det Re, J. Am. Chem. Soc. 79, 4062 (1957). 

|} H. C, Crark and R, J. O Briew, Can. J. Chem. 37, 436 (1959) 

S. Basu and K. K. Cuarrerser, Z. physik. Chem. 209, 360 (1958) 

G. Basv and 8. Basv, Z. physik Chem 213, 158 (1960). 
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of the 328 my band diminishes while the intensities of bands at about 386 and 275 
my increase. Isosbestic points at 312 and 352 mu indicate an equilibrium between 
two forms of the complex in this concentration range. At concentrations above 
10-4 M there is a further change in the spectrum and isosbestic points at 325 and 
352 my indicate another equilibrium. This type of behaviour is frequently observed 
with solutions of dyes and is fairly clear evidence of association between molecules. 
Measurements on spectra of solutions of the complex in pyridine are limited by 
pyridine absorption to wavelengths greater than about 310 my and they will not_be 
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Fig. 1. Ultra-violet absorption spectra of chloroform solutions of bis-salicylaldehydato 
copper (I]) at different concentrations. (1) 4-4 10-°M. (2)8-9 (3)1-3 
(4) 2-2 x 10-*M. (5) 4-4 10M. (6) 8-9 10-*M. (7) 2-2 x 10-°M. (8) 8-2 x 107-°M. 


(9) 16 10-*M. (10) 4 x 10-°M. 


given here. The spectral changes, however, closely parallel those observed in 
chloroform and the spectra of solutions of concentration about 10-5 M show a band 
at about 328 mu, e ~ 9500. As the concentration is increased the intensity of the 
band at about 377 my increases and there is an isosbestic point at about 350 my. 
No other isosbhestic point about 310 my is present but there is an indication from 
the trend of the curves in this region that there should be another at about 300 my. 

The spectrum at the lowest concentration in Fig. 1 will be assumed to represent 
mainly the spectrum of the monomeric complex molecule. The possibility that the 
complex dissociates into the free ligand and copper ion, because of traces of water in 
the chloroform, was eliminated by repeating the spectra with a special quartz cell 
into which it was possible to distil dry chloroform (AnalaR) dried over P,O,. The 
spectrum of the monomeric complex is thus characterized by absorption bands at 
328 and 260 my with molar extinction coefficients of 7800 and 24,000, respectively. 
These bands are to be compared with those of the neutral salicylaldehyde molecule 


318 


V L 
17 
196 
|_| 


The ultra-violet absorption spectra of solutions of some copper and nickel complexes 


(see Introduction). The wavelengths of the bands are similar and, more striking, the 
intensities are nearly the same (the complex contains two salicylaldehyde ions). 

The isosbestic points at 312 and 352 my, for concentrations below 10-4 M, 
indicate that the equilibrium is between monomeric and dimeric forms of the com- 
plex, while the points at 325 and 352 my for concentrations above 10-4 M probably 
indicate a dimer-tetramer equilibrium. The associated forms of the complex are 
characterized by bands at 386, 313 and 275 my. Of these the first and the last are 
compared with the absorption bands of salicylaldehyde ion, at 377 and 264-5 mu, 
and the other band is assumed to be an electron-transfer band because there is no 
counterpart in the spectrum of the ligand. 

The cupric complexes with salicylaldimine and N-methylsalicylaldimine have 
spectra which obey Beer’s law over a concentration range similar to that in Fig. 1. 


Both complexes have bands at 363-5 my in pyridine and chloroform with ¢ ~ 9500. 


Both complexes also have an absorption band at about 270 my (e ~ 20,000) and a 
shoulder near 290 mu. The shoulder is correlated with the band at 313 my in the 
associated form of the salicylaldehyde complex (electron-transfer band) while the 
other two correspond well to the bands at 386 and 275 my. 

The nickel complex with salicylaldehyde will not be considered in detail because 
the two molecules of water co-ordinated to the nickel ion in the solid introduce an 
additional uncertainty into the solution measurements, as it is not known to what 
extent the water molecules will be displaced by the solvent. The spectrum, however, 
does not obey Beer’s law in methanol and the low concentration form has bands at 
255 and 325 mu with molar extinction coefficients of 23,000 and 7000, respectively. 
Increase in concentration increases the intensity of bands at 240, 270 (shoulder) 
and 385 my and there are isosbestic points at 250, 262, 298 and 346 mu. These 
results parallel closely those with the cupric complexes but occur over a lower 
concentration range, between 10-* and 10-4 M. Measurements were also made with 
solutions in chloroform and ethanol. The complex is only slightly soluble in these 
solvents and solution was achieved by warming and shaking for a number of hours. 
The concentrations obtained in this way were both about 10-4 M and each spectrum 
showed an absorption band at 325 my with molar extinction coefficient of 8100 and 
7500, respectively. 

CLARK and ODELL [4] have reported a temperature-dependent equilibrium in 
the spectrum of pyridine solutions of the nickel complex with salicylaldimine. This 
was correlated with a temperature dependent equilibrium between diamagnetic and 
paramagnetic forms of the complex [10]. It was found in the present work that the 
spectrum is also concentration dependent, see Fig. 2(a). The spectrum was also 
measured in chloroform and methanol and no departure from Beer’s law was found. 
The spectra differed from that in Fig. 2(a) by the absence of the band at 380 mu. 

The nickel complex with N-methylsalicylaldimine is normally diamagnetic but 
shows paramagnetism in “interacting” as well as ‘“‘non-interacting” solvents. 
MakI [2] has explained the solution paramagnetism by assuming that a small axial 
perturbation is sufficient to force a low-lying triplet state below the square planar 
singlet ground state. This explanation is a reasonable one for solvents like pyridine 


[10) H. C. Clark and A, C, J. Chem. Soc, 3431 (1955), 
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but it is difficult to see how solvents like chloroform, benzene and toluene can 
effectively perturb the nickel ion, and CLark and Ope t [4] found no evidence 
from the ultra-violet spectrum of an equilibrium between the two magnetic forms in 
these solvents. The magnetic measurements were made with solutions of high 
concentration, the lowest about 2 10-2 M. while the solutions used to measure 
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Ultra-violet absorption spectra of pyridine solutions of bis-salicvaldiminato 
at different concentrations Te mperature 33 2. (1) 1 (2) 1 
3) 1 
i-violet absorption spectra of benzene solutions of bis-N-methylsalicylal- 
Il) at different concentrations 1) 12 (2) 6-2 
(3) 2-3 M 3-1 


the spectra were probably about 10-4 M. In the present work the spectra were 
measured in benzene as solvent at high concentrations using a variable thickness 
cell with path lengths as small as 5 x 10-° em. Fig. 2(b) shows the results. Below 
about 10-* M the spectrum is similar to the one reported by CLARK and ODELL. 
Above this concentration the intensity of the bands at 325 and 415 my decreases 
while the intensity in the region around 370 my increases. Two isosbestic points 
are found, one at 400 mu and the other at 345 mu. The same phenomenon was 
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observed with chloroform over a similar concentration range and it is evident that 
as the concentration is increased there is a decrease in the intensity of the bands 
correlated with the diamagnetic form of the complex. 

It is natural to assume from the spectra in Fig. 2(b) that the complex is associating 
and that this association leads to the paramagnetism. In order to confirm this 
the molecular weight was determined from the freezing-point depression in benzene. 
It was found that in a 0-5 per cent solution the molecular weight was 370 + 20, ina 
0-75 per cent solution it was 500 + 25 and in a 1 per cent solution it was 700 + 30. 
A low-temperature cell was not available but a crude spectral measurement was 
made with a | per cent solution by cooling the variable thickness cell in a refrigerator 
and quickly running the spectrum. It was clearly shown by this that the absorption 
between 340 and 400 my increased when the solution was cooled while the band at 
417 my decreased in intensity. The observed increase in molecular weight can 
therefore be correlated, qualitatively, with the spectral changes and both indicate 
association. 

Discussion 

The results give a clear indication of the tendency of the complexes to associate. 
Such an association will result in coupling between energy levels of the individual 
molecules through resonance interaction, and the energy levels of the associated 
complex will be different from the isolated molecule. However, it seems unlikely 
that this type of interaction is important in the present case although it is dominant 
in the analogous situation with dye molecules. It should be recalled that the in- 
tensities of the electronic transitions in the ligands are lower by nearly two orders of 
magnitude than those in dye molecules so that the intermolecular resonance energies 
should be correspondingly smaller. It is also true that the individual complex 
molecules can be considered as “double molecules” [11] but it is again expected 
that the intermolecular resonance energies will be small. To a good approximation 
we then assume that the spectrum of the ligand in a complex molecule will be 
unaffected by intermolecular resonance interactions. The observed changes in the 
ligand absorption bands on association appear therefore to have other origins. 

Although, as was stated in the Introduction, we might expect that the spectrum 
of the ligand in the complex will depend on the degree of covalency in the metal 
ligand bond, the spectral differences are surprising. The monomeric forms of four of 
the six complexes have spectra which are characteristic of the neutral ligands, while 
the other two (copper with the imines) have spectra closely similar to the ionic forms 
of the ligands. None of the spectra lies in between the two extremes and this suggests 
that the bonds to the metal ion are either nearly pure covalent or pure ionic. It is 
realized that the bands around 400 my in the two monomeric nickel-imine complexes 
are more intense than those of the parent neutral ligands, but this might easily 
arise from a change in the local symmetry at the nitrogen atom. They cannot 


represent electron-transfer bands because there is evidence of vibrational structure 


in them [4]. The remainder of this Discussion rests on this correlation between 
the spectrum of the complex and the nature of the metal—ligand bond. 
The spectrum of the copper complex with salicylaldehyde shows a departure 


{11} D. 8S. McCiure, Can. J. Chem. 36, 59 (1958). 
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from Beer’s law while the other two copper complexes have spectra similar to the 
ionic forms of the ligands and there is no spectral evidence for association. Although 
the monomeric copper salicylaldehyde complex has an ultraviolet absorption spect- 
rum which indicates covalent metal-ligand bonds, the associated forms have spectra 
correlated with ionie bonds. It seems therefore, that associated molecules of the 
complex are stabilized by the greater intermolecular attraction energy when the 
metal-ligand bonds are ionic. That the influence of interacting solvents is not the 
determining factor is shown by the fact that departures from Beer’s law occur over 
a similar concentration range in pyridine as in chloroform. 

Although association rather than solvent perturbation is the important factor 
leading to a change of the metal-ligand bond in the copper salicylaldehyde complex, 
the reverse seems to be true for the nickel complexes. This is shown in Fig. 2(a) 
where an increase in the concentration of the nickel salicylaldimine complex in 
pyridine leads to a decrease of the intensity of the band characteristic of the ionic 
ligand. It is imagined therefore that two equilibria of the type, complex +2Py 
complex Py, and complex — complex = (complex),, are involved and the latter is 
favoured at high concentration of the complex. The ionic metal-ligand bond is 
then attributed to the effect of the axial solvation by pyridine and not association. 
It is believed that the association which leads to paramagnetism (and an ionic 
metal-ligand bond) of nickel N-methylsalicylaldimine in non-interacting solvents 
can also be considered as the result of an axial perturbation. In fact a paramagnetic 
form of this complex can be prepared by the action of heat on the diamagnetic form 
[12-14] and a polymeric structure has been suggested for it [14]. This involves 
interaction between nickel ions and oxygen atoms of neighbouring molecules 
arranged in an infinite array, and a model shows that such an arrangement is a 
possible one. The effect of the axial perturbation will be limited by the repulsion 
hetween ligands and, while it appears effective for the N-methylsalicylaldimine 
complex, it is not large enough for the salicylaldimine complex. 

The essential difference between copper and nickel lies in the configuration of 
the 3d-electrons. Cupric ion has nine of these electrons and with all 3d-orbitals 
filled except the 3d_,, directed to the ligands, it seems unlikely that an axial pertur- 
bation by another ligand would affect the metal-ligand bonding orbitals to any 
appreciable extent. On the other hand, nickel ion has only eight 3d-electrons and the 
configuration of the ion in a square planar field is expected to be sensitive to an axial 
perturbation. As long as the energy difference between the 3d,,- and 3d,,-orbitals 
remains greater than the pairing energy then the latter orbital will be empty. The 
effect of an axial perturbation by a ligand is to decrease this energy difference and at 
some stage the configuration of the ion will change to that with one electron in 
each of the two orbitals. The ultra-violet spectral evidence requires that at the 
same time there is a change in the nature of the metal—ligand bond; it changes 
from covalent to ionic. In this connexion it is interesting to note the values of 
metal-ligand bond distances in diamagnetic and paramagnetic complexes [15, 16]. 
2) L. Saccont, P. Pao.erti and R. Crnt, J. Am. Chem. Soc. 80, 3583 (1958). 

3} L. Saccent, R. Croxt and F. Maceo, J. Am. Chem. Soc. 79, 3933 (1957). 
C. M. Harrts, 8. L. Lenzer and R. L. Australian J. Chem. 11, 331 (1958). 


5) J. M. Stewart and E. C. Lincarevrer, Acta Cryst. 12, 842 (1959). 
EF. Frasson, C. Panarroni and L. Saccont, J. Phys. Chem. 68, 1908 (1959). 
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The former have Ni—N and Ni—O distances ranging from 1-80 to 1-90 A while in 
the latter they lie between 2-03 and 2-10. 

If it is necessary to formulate covalent binding in some of these complexes then 
it seems that a description using valence bond formalism is more useful. It also 
seems clear that this should not involve 3d-orbitals to any great extent as the usual 
spectral features associated with these orbitals are retained, although modified to 
some extent. For example, the copper salicylaldehyde complex has absorption 
bands which occur at longer wavelengths in the monomeric or covalent form (there 
is an isosbestic point at 710 my, see insert in Fig. 1) and this shows that the 3d-ligand 
field is weaker than in the associated or ionic form. The analogous change in the 
visible spectra of the nickel complexes cannot be followed because the diamagnetic 
(monomeric) forms have absorption bonds more than ten times as intense as those 
of the paramagnetic forms and they occupy the same spectral region. 

The use of 4d-orbitals should therefore be considered. Crata and MaGnusson 
[17] have recently discussed various aspects of 4d-covalency and they feel that if it is 
important then it will be only one of a number of terms determining the stereo- 
chemistry, but in special cases it might predominate. It seems that two of the 
square planar nickel complexes and one of the copper complexes studied here are 
examples of this possibility. We might expect to see two effects of this predominance 
of 4d-covalency in the absorption spectrum; first, signs of a weaker 3d-ligand field 
and second, a shift of electron-transfer bands to higher energy. Both of these are 
found in the copper salicylaldehyde complex, the second of these depending on the 
assignment of the 313 my band of the associated complex to an electron-transfer 
band. 

The spectral changes which occur in the ultra-violet region therefore direct 
attention to the inherent weakness of the crystal field theory, which is its neglect of 
the ligand orbitals. On the other hand, the requirements for strong 4s4p?4d-covalent 
bonds are not easily foreseen and it is difficult to decide a priori when they will 
apply. For example, at the moment there seems to be no obvious reason why the 
nickel complex with N-methylsalicylaldimine should favour covalent metal—ligand 
bonds while the copper complex has ionic bonds, other than that the ultra-violet 
spectra require this. 


Experimental 


The complexes were prepared by standard methods [18, 19]. The spectra were 


determined with a Beckman DK2 spectrophotometer using cells of length 1, 5, 10 
and 100 mm. A Hilger quartz cell of thickness variable between 0-01 and 5-00 mm 
was also used. The measurements of freezing point depression were determined by 
a standard method [20]. Values at different concentrations were obtained by adding 
additional amounts of the complex to the original solution over a period of a few 
hours, and observing the change in freezing point after each addition. 
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Abstract 


derivatives under various conditions, with special reference to the behavior of the intramoleculat 
charge-transfer (CT) bands 


Ultra-violet absorption spectra were measured with a total of nine benzoic acid 
| 


. Which are caused by the conjugation of the benzene ring with the 
carboxyl group and therefore are expected to be sensitive to the steric hindrance 


In fact, it 
was observed that the CT band, which appears with high intensity at 228 my with the aqueous 


solution of benzoic acid, becomes weak for the aqueous or n heptane solution of mesitoic acid 
CH,),C,H,CO,H 


evidently because of the resonance inhibition caused by the steric require 
ot t hve 


methyl groups. On the other hand, in concentrated sulphuric acid solutions strong 


bands were observed with both benzoic acid (262 mya) and mesitoic acid (282 my). Further- 


more, the latter band was found to be very 


trifl 


similar to those observed with mesitoic acid 
oroacetic anhvdride and mesitovl chloride 


stannic chloride systems which contain typical 
rreagents. This mes 


ns that the 282 mya band observed with the concentrated sulphuric 


i¢ acid is due to the mesitoyl cation [(CH,),C,H,CO*)| 


tion of mesito . Which may be 
d catalysed esterification of mesitoic acid 
band oft be sulph if 


Concerning 
acid, its origin was ascribed to protonated benzoic 
was demonstrated from the measurement of Raman spectra that in the 

eation a proton is attac hed to the carbonyl oxvgen atom Detailed 
f equilibria were made for the interaction of sulphuric acid with benzoic 

ad by t use of the new mm thod che vised by the pre sent authors It 
i that, in strongly acidic media, mesitoic acid ionizes in the following two 
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Introduction 
In 1804 Meyer ef 


t al, reported that mesitoic acid, (CH,),( )H, cannot be 
esterified by the usual method of acid-catalysed esterification. This fact looks 
curious because similar compounds like benzoic acid and mesitylacetic 
CH,),C,H,CH,CO,H, can easily be esterified by the same method. 
this fact to the hindering effect of the o methyl groups 


was also known to be resistant to hydrolysis. Later in 1937 


acid, 
He attributed 

Methyl! or ethyl mesitoate 
Trerrers and HamMert [2] 
found that methyl! mesitoate can be quantitatively hydrolysed hack to the acid 
when its solution in 100 per cent sulphuric acid is poured on to ice, while methyl 


benzoate is unchanged under the same condition. Further, NewMawn [3] obtained 


methyl! mesitoate* by pouring the 100 per cent sulphuric acid solution of mesitoic 


cannot be obtained by this method, while methyltriethylbenzoate and methyl 


trisopropvibenzoat« in be obtamed 


V. Mever Giuepe. and J. J. Supporoven, Ber. deut. chem. Ges. 27, 510 (1894); V. Mever 
and J. J. Scproroven, Jhid, 27, 1580 (1894 

H. P. Trerrers and L. P. Haw™uerr, J. Am. Chem. Soc. 59, 1708 (1937 

M. 8S. Newman, J. Am. Chem. Soc. 63, 2431 (1941) 
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acid into cold methanol, but no benzoate from benzoic acid. From these experi- 
mental results, it is revealed that the mechanism of esterification of mesitoic acid or 
of hydrolysis of alkyl mesitoate may be apparently different from the corresponding 
reaction mechanism in the case of benzoic acid or alky! benzoate. The difference in 
the chemical behaviour between these two kinds of compounds was also deduced 
from the eryoscopic studies by HamMerr [2] and by Newman ef al. [4]; that is to 
say, benzoic acid and methyl benzoate give an i-factor of 2 in 100 per cent sulphuric 
acid, while mesitoic acid and methyl mesitoate give i-factors of 4 and 5, respectively, 
in the same condition. Moreover, it is known that these substances having the 
i-factors more than unity exhibit an electric conductivity in 100 per cent sulphuric 
acid [5,6]. The above-mentioned experimental results lead to the inference that 
the molecules under consideration probably ionize in concentrated sulphuric acid in 
the following manners: 


PhCO,H H,SO, — PhCO,H, HSO, (1) 
PhCO,CH, + H,SO, PhCO,HCH,* + HSO, (2) 
MesCO,H + 2H,SO, = MesCO 2HSO, H,O (3) 
MesCO,CH, + 3H,SO, = MesCO 2HSO,- + CH,HSO, + H,0O* (4) 


Existences of both protonated benzoic acid, PhCO,H,*, and the acylium ion, 
MesCO*, seem very probable from the above-mentioned results obtained so far. 
Moreover, since these ions have been found to be reactive intermediates in esterifica- 
tion reactions, the study of their electronic structures seems to be interesting and 
helpful for discussing the reaction mechanism [7]. Hence, it was undertaken in the 
present investigation to measure their electronic absorption spectra under various 
conditions and to study spectrophotometrically the equilibria between these ions 
and parent molecules in strong acidic media. Further, the measurement of Raman 
spectra was carried out with benzoic acid under various conditions leading to the 
results that in acidic media a proton is attached to the carbonyl oxygen atom of 
benzoic acid. 

Fxperimental 
Materials 

Benzoic acid of G.R. grade was purified by sublimation. Phenylacetie acid, 
phenylpropionic acid and cinnamic acid were recrystallized from aqueous ethanol. 
Mesitoic acid, o- and p-toluic acids and mesitylacetic acid were synthesized by the 
methods described in Organic Syntheses {8| and were purified by recrystallization 
from petroleum ether, their melting points being 155-5, 107, 179 and 166°C, respec- 
tively. Mesitoy! chloride was also synthesized by the method described in Organic 
Syntheses and was distilled under reduced pressure. 


1} M. S. Newman, H. G. Kutvina and A, B. Garrerrt, J. Am. Chem. Soc. 67, 704 (1945); M. 8. 
Newman, R. A. Craic and A. B. Garrerr, [bid. 71, 869 (1949); M.S. Deno, Ibid. 78, 3651 (1951). 

5) L. P. Hamer, Physical Organic Chemistry. McGraw-Hill. New York (1940). 

6) R. J. Gouuvespie and J. A, Leister, Quart. Revs. (London) 8, 40 (1954) 

7) I. Roperts and H. C. Urey, J. Am. Chem. Soc. 60, 2391 (1938); E. D. Hucues, C. K. Incoip and 
S. MasrerMan, J. Chem. Soc, 840 (1939); J. N. E. Day and C. K. INcotp, Trans. Faraday Soc 
37, 686 (1941) 

[8] Organic Syntheses Col. Vol. I1, pp. 588 and 589. John Wiley, New York (1943); Jbid. Col. Vol. III, 
pp. 555 and 557 (1955). 
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Concentrated sulphuric acid (95 per cent) and hydrochloric acid (36 per cent) of 
G.R. grade were used without further purification. For the measurement of 
equilibria, 95 per cent sulphuric acid was carefully diluted with distilled water and, 
if necessary, was concentrated with oleum (60 per cent SO,) of E.P. grade. The 
acid concentration was determined by titration with a standard aqueous solution 
of sodium hydroxide and the acidity functions were taken from the values deter- 
mined by Hammett et al. [9] The method of purification of n-heptane is completely 
the same as described elsewhere [10]. Trifluoroacetic anhydride was obtained by 
distilling trifluoroacetic acid (G.R. grade) over phosphorus pentoxide and was 
purified by repeating distillation over phosphorus pentoxide until the distilling 
temperature got down to 40°C [11]. Stannic chloride was synthesized by introducing 
dry chlorine gas into fused tin metal [12]. The coloured crude liquid was distilled 
with an excess of concentrated sulphuric acid. 


Measurements 


A Cary recording spectrophotometer model 14 M was used for the measurements 
of ultra-violet absorption spectra of various solutions. Fused quartz cells with glass 
stoppers of l-em light path were used for the measurements of aqueous, sulphuric 
acid, hydrochloric acid and n-heptane solutions. All the solutions were prepared 
just before measurement, concentrations of the solutions being about 10-*-10-% M. 
For the measurements of trifluoroacetic anhydride and stannic chloride solutions, 
cells of 1-mm light path were used to avoid the disturbance caused by relatively 
strong absorptions of these solvents.* Measurements were usually carried out at 
room temperature except for the cases of equilibrium-constant determinations 
which were made at a constant temperature of 20° + 0-5°C. In the cases of measure- 
ments at a constant temperature, the sample cell was held in a jacket in which water 
of the constant temperature was circulating. 

Raman spectra were measured with a Cary model 81 recording Raman spectro- 
photometer located at the Government Chemical Industrial Research Institute.t 
Carbon tetrachloride and sulphuric acid (85 and 95 per cent) solutions of benzoic 


acid with concentrations of about 10-20 wt. per cent were filled in a Pyrex glass 
tube of 2 cm* in volume. The temperature of the glass tube during the measurement 
was as high as about 40°C. 


Results and discussion 


Absorption spectra obtained by the present authors are shown in Figs. 1-2. 
Further, the peak wavelengths and molar extinction coefficients are listed in 
Table 1. Similar results have already been obtained by other investigators with 


* Both liquids are transparent down to 270 my in |-mm light path cells. 
+ The authors wish to thank Miss Micu1ko Marsusuima for her kindness in giving them a chance to 
use the instrument and in helping them throughout the measurement. 
(9) L. P. Hamoerr and A. J. Deyrup, J. Am. Chem. Soc. §4, 2721 (1932); L. P. Hammerr, Chem. Revs. 
16, 67 (1935). 
(10) H. Yana, J. Tanaka and 8, Nacakura, Bull, Chem. Soc. Japan 33, 1660 (1960). 
[ll] F. Swarts, Bull. sci. acad. roy. Belg. 8, 343 (1922); Chem. Abstr. 17, 769,* (1923). 
[12] Y. Sura, Jikken Kagaku Kéza (Edited by the Chemical Society of Japan) Vol. 9 (Preparation of 
Inorganic Compounds), p. 530. Maruzen, Tokyo (1958). 
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— 200, 250 
AQUEOUS SOLUTION 


AQUEOUS SOLUTION 


(a) 


Fig. 1. Ultra-violet absorption spectra of benzoic acid and its derivatives 
aqueous solutions except for mesitoyl chloride): 
(3) o0-toluic acid: (4) mesitoic 


measured in 
(1) benzoic acid; (2) p-toluic acid; 
mesity lacetic ac id; 
(S) mesitoy! chloride (in n heptane), 


acid; (5) phenylacetic acid; (6 
(7) cinnamic acid; 


_300 350 200 250 300 


CONC. H,SO, SOLUTION CONC. H,SO, SOLUTION 


(a) (b) 

Fig. 2. Ultra-violet absorption spectra of concentrated sulphuric acid solutions 
of benzoic acid and its derivatives, 
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Table 1. Ultra-violet absorption spectra of benzcic acid and its derivatives in various 
solutions 


CT band 


Compound Solvent* A max é Amax 
A max 

(my) (mys) 
(mys) 


S60 
780) 


W 193 44,000 228 10,600 
228 9300 


(Ex 202 998 10,000 


550 
900 
S00 
S(95)* 198 10,000 262 15,000 298 1000 
Si increasing 262 20.000 1500 
(SC 262 20,000 300 
Cc increasing 23 11,600 278 1170 
F 28: 5400 covered 


H <— 200 35.000 2° 12.800 


to to te te bo bo 


190 43.000 226 5100 278 820 
205 12,000 223 5100 279 720) 
200 40,000 2 9600 282 1640 
203 10,000 5 15,000 313 2000 


196 38,000 236 11,700 covered VOL. 
204 13.000 236 14,000 covered ) 17 
{273 1000 106" 
730 

199 10,000 27 15,000 covered 


200 35,000 4: 16,300 


199 43.000 covered 270 inflexion 
(Et <?215 10,000 ((235) 3300 ((270) 420) 
inflexion | inflexion 
H 205 23.600 243 4800 280 760 
S(95)4 209 10,000 282 20,000 330 2000 
S(LO0)4 increasing 282 20,000 338 5000 
(S( - 282 20,000 340 4500) 
increasing ~240 ~4000 covered 
inflexion 
increasing 282 6100 covered 


ISS 50,000 j~2ZO5 ~ 2000 257 
H O,H inflexion th fine 
structures 
170) 


See Fig. 4 


oon 


SCH,CH,CO,H 


Almost the same as that of phenylacetic acid. 
S(95)4! Almost the same as that of phenylacetic acid. 
Me W! ~190 60,000 ~10,000 267 430 
\ inflexion 
Me CH.CO, 
H,CO,H (E® 267 180) 


Me S( 100). increasing ~235 ~10,000 290 2000 
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Table 1—(contd.) 


CT band 


Compound Solvent® A max mae 


A max 
(mys) (mys) 
(mys) 


{203 14,000 


000 oOvere 
\215 13.000 18, covered 


¢ YCH = CHCO,H 


20,000 
(187 16,000 (22¢ 66,000 
6000 33: 29,900 covered 
200 30,000 245 3400 {~280 ~I1000 
| inflexion 
increasing ; 5800 covered 


COC! 


Me 


* The following abbreviations are employed: E, ethanol, W, water, H, n-heptane, 8(95) and S8(100), 
95 and 100 per cent sulphuric acid, C, hydrochloric acid (concentrated) and F, trifluoroacetic anhydride. 
» H. E. UNGNApE and R. W. Lams, J. Am. Chem. Soc. 74, 3789 (1952). 
© Ref. [17]. 
4 Intensity of the bands in acidic solutions changed considerably with acid concentration and 
temperature. Thus rounded values are listed in this table. See Figs. 3 and 4. 
Ref, [24]. 
''—. A. Fenner, J. Am. Chem. Soc. 72, 1404 (1950). 
® Ref, [25]. 
Mme, RammMart-Lucas and M, J. Hocn, Bull, soc, chim. France §1, 824 ; Mme RaAMMAR’ 
Lucas, Ibid, §1, 289 (1932) 
Gradually changing with time 
Slightly alkaline solution 
kD. P. Craic, Discussions Faraday Soc 9, 5 (1050), 


some of the compounds under the present investigation. They are also shown in 
parentheses in Table 1 for the purpose of comparison. 


Charge-transfer bands of benzoic acid and its derivatives 


First of all, let us consider the ultra-violet absorption spectra of aqueous solutions 
of benzoic acid, o- and p-toluic acids and mesitoie acid shown in Fig. I(a) and 
Table 1. Benzoic acid exhibits three characteristic bands at 193 mu (e,,,. 44,000), 

11,000) and 273 mu (¢ 860). NaGakura and Tanaka [13] 
interpreted the second band as an intramolecular charge-transfer band (hereafter 
abbreviated to CT band); namely, the band due to the electronic transition from 
the ground state written roughly as 


oe 
228 (Emax max 


to the excited charge-transfer state 


13] S. Nagakura and J. Tanaka, J. Chem. Phys. 22, 236 (1954); 8. Nagakura, /bid, 28, 1441 (1955); 
J. TANAKA, S. NAGAKURA and M. Kopayasut, Ibid. 24, 311 (1956). 
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In fact TANAKA’s experiment on the polarized ultra-violet absorption of the single 
crystal showed [14] that its transition moment is approximately parallel with a line 
connecting the centre of the benzene ring and that of the carbonyl group, as is expected 
from the interpretation of a CT band. Murrett [15] and Braupe and 
SonDHEIMER [16] gave the similar interpretation to this band,* and called it an 
electron transfer band and a K-band (means conjugation), respectively. In the present 
study we will chiefly be concerned with the CT band, since it may be expected to be 
sensitive to the substituent group and to the kind of solvent.* 

A marked difference between the spectra of benzoic acid and mesitoic acid in 
aqueous solution is that the latter exhibits no vivid absorption peak corresponding 
to the CT band. In n-heptane an absorption peak presumably corresponding to the 
CT band appears at 243 my with a peak molar extinction coefficient of 4800. This 
value is approximately a half of the molar extinction coefficient of the CT band of 
benzoic acid. As is clearly seen from Fig. 1, a similar decrease of the absorption 
intensity, although to a small extent, occurs for the case of o-toluic acid, while the 
CT band of p-toluic acid increases considerably its intensity compared with that of 
benzoic acid. Hence it can be concluded that the CT bands of benzoic acid and its 
derivatives decrease their intensities in the order of p-Me > H > o-Me > tri-Me. 
This order is in accordance with the results obtained by other investigators [17, 18]. 
This fact is likely to show that the decrease of the absorption intensity observed 
with benzoic acid derivatives is caused by the steric inhibition of the resonance 
between the phenyl and carbonyl groups, as is easily prospected from the similar 
phenomena studied by Braupr and SonpDHEIMER [16], by Murrett [15] and by 
Suzvuktr [19] with acetophenone and its derivatives. According to their results 
concerning acetophenone derivatives, the intensity of the CT bands decreases in the 
same order as the case of benzoic acid derivatives. Further, it is seen from Fig. 1(b) 
that mesitoy! chloride with a conceivably twisted COC! group decreases the intensity 
of the CT band. From these facts it is evident that the COOH and COCI groups 
attached to the mesity! group are sterically hindered by the o-methyl groups as the 
COCH, group of acetylmesitylene is [15, 16, 19]. On the other hand, no appreciable 
change in the absorption intensity has been observed with benzaldehyde derivatives 
[16]. Thus it is probable that the CHO group is free from the steric hindrance of 
o-methyl groups. 

In order to ascertain further the relation between the CT band and a conjugation 
between the phenyl and carboxyl groups, absorption spectra were also measured 
with some related compounds like phenylacetic acid, phenylpropionic acid, mesityl- 
acetic acid and cinnamic acid. The results are given in Fig. 1(b) and Table 1. 
These acids exhibit no CT band as is expected from the fact that one or two 


* They did not discuss the spectrum of benzoic acid but those of acetophenone and benzaldehyde. 
* On the other hand very few measurements seem to be recorded on the spectra of these compounds 
in the region near 200 my except the one by Moser and KoHLENBERG [17]. However, all of the intensities 
reported by them are too weak. 
14) J. Tanaka, Nippon Kagaku Zasshi 79, 1379 (1958). 
15) J. N. Murrey, J. Chem. Soc. 3779 (1956). 
E. A. Bravupe and F. J. Chem. Soc, 3754 (1955). 
M. Moser and A. I. J. Chem. Soc. 804 (1951). 
W. F. Forses and M. B. SwHerartrre, Can. J. Chem. 33, 1829 (1955). 
H. Suzuki, Bull. Chem. Soc. Japan 33, 613 (1960), 
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methylene groups disturb completely the resonance between the phenyl and carboxy] 
groups. In this connexion, it is worthy of notice that in cinnamic acid where the 
benzene ring and the carboxyl groups are joined through a vinylene group, 

CH—CH-, the CT band can be observed again at 275 my in aqueous solution. 


The spectrum of benzoic acid in concentrated sulphuric acid 

Three bands are also observed with the sulphuric acid solution of benzoic acid, 
corresponding to those in aqueous solution. All of these bands shift more or less 
toward longer wavelengths in concentrated sulphuric acid solution than in aqueous 


40,000 , 35,000 
cm” 


Fig. 3. Ultra-violet absorption spectra of benzoic acid under various conditions: (1) in 

96-20 per cent, (2) in 89-50 per cent (3) in 85-80 per cent, (4) in 81-70 per cent, (5) in 78-30 

per cent, (6) in 71-45 per cent, (8) in 30 per cent sulphuric acid; (7) in concentrated 
hydrochloric acid. 


solution. Among them the CT band changes to the greatest extent, from 228 my to 
262 mu. This anomalously great shift suggests that, besides a simple medium 
effect, some structural change occurs within the conjugated system. 

The spectra of benzoic acid in concentrated hydrochloric acid and in 50-60 per 
cent sulphuric acid are similar to each other; the hydrogen ion concentration of 
these two acids being almost the same order of magnitude (see Fig. 3). Therefore, 
it is apparent that the spectral change discussed here is not due to a specific inter- 
action of benzoic acid with sulphuric acid, say, sulphonation, but due to the inter- 
action with proton. Further, benzoic acid is known to be fairly stable against the 
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sulphonation, and rather drastic conditions are required for it.* In practice, benzoic 
acid in sulphuric acid solution, even after being kept to stand for more than 10 days, 
does not show the spectrum of sulphonated benzoic acid. Moreover, dilution of the 
sulphuric acid solution of benzoic acid with water gives almost the same spectrum 
as that of the aqueous solution. The recovery is better if a freshly prepared sulphuric 
acid solution is diluted with water. In view of these spectroscopic evidences as well 
as other experimental results involving cryoscopic and conductometric studies, it 
can safely be concluded that in concentrated sulphuric acid benzoic acid is in stable 
equilibrium with proton and that the absorption peak at 262 my may be assigned to 
the CT band of protonated benzoic acid, PhCO,H,*. This rather great bathochromic 
shift of the CT band may be explained qualitatively by the increase of the electron 
affinity of the carbonyl group brought about by the attachment of the proton. 


Detailed quantitative analysis of this equilibrium will be discussed in a later part of 


this paper. 

As is seen in Figs. 1 and 2 and Table 1, the CT bands of o- and p-toluic acids and 
cinnamic acid also shift to longer wavelengths in sulphuric acid solution than in 
aqueous solution. These shifts are conceivably due to the formation of their pro- 
tonated compounds as in the case of benzoic acid. However, phenylacetic acid, 
phenylpropionic acid and mesitylacetic acid apparently show no CT band in 


sulphuric acid but suffer irreversible change such as sulphonation. 


Structure of protonated benzoic acid 

As is clearly seen from Fig. 4, where the experimental results of Raman spectra 
in 1200-2000 em~! region? are given, benzoic acid in carbon tetrachloride shows a 
strong band at 1650 em~! and a more strong and sharp one at 1602 em~'!, which 
can be assigned to the C—O stretching vibration and the benzene ring C-—C stretch- 
ing vibration (£,*), respectively. It is generally known that the greater the double 
bond character in the C=O bond the higher the wave number of the C—O stretching 
band. Then if a proton is attached to the carboxyl group on the oxygen atom of the 


hydroxyl group like in concentrated sulphuric acid solution, the C—O 
OH, 


stretching frequency will remain almost unaltered or will shift slightly to higher 
frequency owing to the decrease of the contribution of a resonance hybrid such as 
On the other hand, if a proton is attached to the carbonyl oxygen atom, 
X 
the band will disappear or shift greatly to lower wavenumber, because in this case 
the protonated specimen can be represented by the resonance among the following 
structures 
OH OH OH 
' 
OH OH OH 


* For example, H. OrrermMann, Ann. Chem. Liebigs 280, 6 (1894). On the other hand, toluic acids, 
phenylacetic acid and other alkyl derivatives are sensitive to sulphonation even at room temperature. 


In practice the spectra of o-toluic acid and phenylacetic acid in sulphuric acid solution gradually change 


with time, a new peak appearing at about 320 my in each case 
+ In this region there is no Raman band for carbon tetrachloride and sulphuric acid. 
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and therefore the carbon-oxygen bond may be expected to have only small double 
bond character. As is evident from Fig. 4, the 1650 cm~' band decreases its intensity 
as the solvent changes from carbon tetrachloride to 85 per cent sulphuric acid, and 
utterly disappears in 95 per cent sulphuric acid. This evidently means that the latter 
form is the case for the protonated benzoic acid cation. Hence it can be concluded 
that a proton is attached to the carbonyl oxygen atom. 

The Raman spectrum of benzoic acid could not be measured in sulphuric acid 
lower than 85 per cent because of the poor solubility of benzoic acid; therefore it is 
impossible to evaluate accurately the equilibrium constant by the use of the Raman 


T 


v (C=0) 


INTENSITY 
ARBITRARY UNIT 


2000 1800 1600 1200 


cm"! 


Fig. 4. Raman spectra of benzoic acid in various solutions and of 85-95 per cent sulphuric 

acid: (1) in CCl, solution; (2) in 85 per cent sulphuric acid solution; (3) in 95 per cent 

sulphuric acid solution; (4) 85-95 per cent sulphuric acid, The three spectra of benzoic acid 

are reproduced under the reasonable assumption that the net intensity (i.e. total intensity 

minus blurred fluorescent background) of the 1602 em~! band (C-——C) is unaltered in each 

case, That this is highly probable is shown from the retention of the intensities of the 
other bands pertinent to the benzene ring. 


spectrum data. However, the ratio of the unchanged molecules to the total ones in 
the 85 per cent sulphuric acid solution is roughly determined to be 1:4 from the 
comparison of the area of the 1650 em~! band for the 85 per cent sulphuric acid 
solution with that for the carbon tetrachloride solution. This ratio is in good 
agreement with the result obtained from the measurement of ultra-violet absorption 
spectra, which will be described in a later part. 


Appearance of CT band of mesitoic acid in concentrated sulphuric acid 

Although, as was described above, the CT band of mesitoic acid is rather weak 
in aqueous solution owing to the steric inhibition of the resonance, it appears very 
strongly at 282 my in concentrated sulphuric acid. The spectrum in the sulphuric 
acid solution changed at so slow a rate that it might be regarded as practically 
unaltered at least for a few hours. Moreover, it returned back almost completely to 
the spectrum of the aqueous solution when the solution was diluted with water. 
Therefore it may safely be said that the i-factor of 4 for mesitoic acid in concentrated 
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sulphuric acid does not indicate the occurrence of decomposition or other kind of 
chemical change but suggests the existence of some stable equilibrium different from 
the case of benzoic acid. Concerning the specimen produced by the equilibrium, the 
acylium ion, (CH,),C,H,CO*, shown in equation (3) is most probable. The assump- 
tion of the production of this ion is not only supported by the i-factor but also by 
the appearance of the strong CT band. This is because its appearance is a good 
evidence for the coplanarity of the benzene ring with the substituent group in the 
ion and thereby the substituent group must be so small that the steric hindrance 
by the two o-methy! groups may be ignored.* Some direct evidence for the existence 


of the acylium ion will be given in the following section. 


Spectra of an acylium ion 


Bourne [20] and Reep [21] demonstrated that trifluoroacetic anhydride is a 
good acylating and esterifying reagent by virtue of the production of the acvlium 
ion as shown in the following equation 


RCO,H (CF,CO),O0 = RCO* + CF,CO,- CF,CO,H (5) 


Hint. {22} studied a new method of esterifying acid chlorides with alcohols and 
aluminium chloride, stannic chloride or other metal chlorides in which the acylium 
ion is considered to be present as a reaction intermediate as follows 


RCOC] MCL. RCO MCI, , (6) 


Further, Susz and WcHRMANN [23] succeeded in isolating a complex of mesitoyl 
chloride and aluminium chloride ina crystalline state, whose infra-red spectrum showed 
a new strong band which was assigned to a C=-0* stretching vibration. The above- 
mentioned facts definitely support an existence of the acylium ion in the mesitoic 
acid—trifluoroacetic anhydride and mesitoyl chloride—metal chloride systems. Then 
it seems interesting to measure the electronic absorption spectra of these two 
systems and to compare them with the spectrum of the mesitoic acid-sulphuric 
acid system 

As is clear from the experimental results given in Fig. 5, the two systems, namely, 
mesitoic acid in trifluoroacetic anhydride and mesitoy! chloride in stannic chloride, 
show strong absorption bands at 282 and 277 my, respectively. The positions of 
these two bands are greatly different from those of the parent molecules in n- 
heptane and closely resemble that of mesitoic acid in concentrated sulphuric acid. 
This agreement evidently supports the fact that these three spectra are ascribed to 
the existence of the same specimen, the acylium ion (CH,),C,H,CO*, commonly 
derived by the three different procedures. Although the intensity of the 282 my 
band of mesitoic acid in concentrated sulphuric acid solution is at least twice as high 
as those of the other two systems, this can be attributed to the difference in the 


* Note that 2:4:6-trime thy Ibe nzaldehyde shows a strong T band in non polar solvents 16). 

20) E. J. Bourne, Nature 168, 942 (1951); E. J. Bourne, J. E. B. Ranpies, M. Stacey, J. C. Tatitow 
and J. M. Tepper, J im. Chem. Soc 76, 3206 (1954). 

21) R. Reep, Jr., J. Am. Chem. Soc. 77, 3403 (1955). 

22) M. F. Hitt, J. Am. Chem. Soc. 75, 3020 (1953); 76, 2329 (1954). 

23) B. P. Susz and J. J. Wenremann, Hele. Chim. Acta 40, 971 (1957). 


334 


| 
. 
= VUL 
17 
196: 


Spectroscopic studies on reactive intermediates of esterification of aromatic carboxylic acids 


produced acylium ion concentration depending on the equilibrium constant in each 
ease. Since in this ion the C=O* group is conceivably coplanar with the benzene 
ring and moreover its electron affinity is definitely greater than that of the carbony! 
group, the CT band appears stronger and clearer at longer wavelengths than that of 


the parent molecule does. This fact seems to show that the conjugation of the 


substituent group with the benzene ring becomes greater for the acylium ion than 


for mesitoic acid itself or for the protonated mesitoic acid ion. That is to say, the 
resonance stabilization turns out to be greater for the acylium ion than for mesitoic 
acid or for its protonated ion. 


\ 
\ 


= 
260 280 300 
Fig. 5. Ultra-violet absorption spectra of: (1) mesitoic acid in concentrated sulphuri« 
acid; (2) mesitoic acid in trifluoroacetic anhydride; (3) mesitoyl chloride in stannic 


chloride; (4) mesitoic acid in aqueous solution. 


Thus we can safely conclude that mesitoic acid is in equilibrium with concen- 
trated sulphuric acid as mechanism (3) proposed by TrRerrers and HamMerr |2}. 


The details of the equilibrium will be discussed in the following section. 


Detailed analysis of equilibria 


Let us consider the following equilibrium: 


B+ 


BH (7) 


The basicity constant A, of the base B and the acidity constant K,, of the conjugated 
acid BH* can be obtained spectrophotometrically by the aid of the following 


well-known equations which are derived under some reasonable assumptions [5} 


K, = 1/K, = ho[ B)/[BH*] = — £°)/(e° — ep) (8) 
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or pk, log A, H, log {(ehn — (9) 


where H, | log A.) is the acidity function, and the quantities denoted by |X| and 
y's are stoichiometric concentration and molar extinction coefficients at a fixed 
wavelength for the components specified by the letter X, respectively. Further, ¢° 
denotes molar extinction coefficient of the system in acidic solution with acidity 
function of H,. 

According to equation (9), the pA, value can be obtained from ¢},, ¢,,. and e° 
values at an appropriate wavelength. However, the measured molar extinction 


250 300 


"40,000 35,000 “30,000 


cm-! 


ibsorption spectra of mesitoic acid in sulphuric acids with following 
98-40 per cent, (2) 96-20 per cent, (3) 93-90 per cent, (4) 89 yO per cent, 


(5) 83-50 per cent, (6) 78-30 per cent, (7) 0 per cent. 


coefficients are not free from the solvent effects which bring about the wavelength 
displacement and the intensity change of the absorption spectrum as a whole. 
This is evident from the fact that the isosbestic point cannot be observed exactly, 
as shown in Figs. 3 and 6. In other words, it turns out that actually observed molar 
extinction coefficient values (e's), which are slightly different from the 2° values, do 
not exactly satisfy the relation represented by equation (8) or (9) (see below). 

In order to obviate this difficulty, Hammer et al. [24] devised two methods: (1) 
displacing the absorption curves in parallel so as to cross at the isosbestic point and 
(2) assuming either ¢), or ej)... which is considered to be in smaller error, and 
obtaining the other molar extinction coefficient and K,, by the least squares method. 
In fact, HamMerrt ef a/. [24] and Scuvuperr ef al. [25] obtained spectroscopically the 


L. A. FLtexer, L. P. HamMert and A. Dixnewatt, J. Am. Chem. Soc. §7, 2103 (1935). 
W. M. Scuvsert, J. Dononve and J. D. Garpner, J. Am. Chem. Soc. 76, 9 (1954). 
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basic strengths of benzoic acid and mesitoic acid in sulphuric acid. Further, GoLp and 
Hawes [26] proposed the method of choosing couples of data so as to cancel the 
solvent effects by each other. However, the above-mentioned methods are more or 
less ambiguous in taking the values of ¢}, and ¢},,,., on which the pA, value greatly 
depends. Therefore for the purpose of removing all ambiguity, the present authors 
developed a new method for evaluating the pA values. Although Davis and 
GEISSMAN [27] proposed a similar method which was supported by some other 
authors [28], they aimed to obtain the pA values as simply and easily as possible 
without any numerical calculations and assumptions. 

Let us turn back to equations (8) and (9), which may be considered to be the 
definition of the 7, function as well as that of the acidity constant. First of all, it 
may reasonably be assumed for simplicity that the solvent effects are negligible and 
Beer's law is exactly satisfied. Differentiating both sides of equation (9) with 
respect to H,, one can finally obtain the following equation: 


d? 


(1 2-303(1 0 (10) 
where dh,/dH, 2-303h, is taken into account. If e's at a fixed wavelength are 
plotted against H,,* K, is to be obtained as the hy value at the point of inflexion 
(where d?2°/dH,? = 0), since de®/dH, is the largest at that H, and hence not zero. 
That is to say, the acidity function //, at the inflexion point is nothing else but the 
value of pK, required. Although the solvent effects are not taken into account 
explicitly in equations (8)-(10), it is proved that the effects do not change this 
relation at all. 

Let us denote an actually observed molar extinction coefficient of the solution 
at a fixed wavelength as ¢«. Owing to the solvent effects, this value is evidently 
different from the ideal ¢® value which should satisfy equation (10). Since it is known 
that the larger —/H, (i.e. the higher the acid concentration of the solvent) the 
larger ¢ e® (i.e. the solvent effects), <° in a relatively short range of 1/7, near the 
inflexion point can legitimately be assumed to be 


2 é aH, h (11) 


The quantities a and b are indeterminable constants. From the combination of 
this equation with equation (10), the following equation can be derived 


(1 + h,/K,) or L 2-303(1 — h,/K,)(de/dH, + a) = 0 (12) 


Since (de/dH, + a) is not zero but equal to de®/dH, (see above), in this case also 
K,, can be set equal to h, at the inflexion point, namely at the point of d*e/d/,? = 0. 


Therefore one need not distinguish e® from ¢ so far as the above method is employed 


for the evaluation of K,. If the inflexion point could easily be obtained graphically, 


this would be the most simple and exact method for determining the acidity constant 
* This plotting is a little different from the method by Davis and GrIssMAN |[ 27). 

26) V. Gotp and B. W. V. Hawes, J. Chem. Soc, 2102 (1951). 

271 C. T. Davis and T. A. Getssman, J. Am. Chem. Soc. 76, 3507 (1954), 

[28] K. Yares and R. Stewart, Can. J. Chem. 37, 664 (1959). 
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even in the case where e, and/or ¢},,. are not known accurately. Unfortunately, 
however, this method proved not to be so good practically, because the observed 
e's become larger nearly proportionally to —H, in a considerably wide range of H, 
and consequently it is difficult to determine the inflexion point exactly. Nevertheless 
it is very useful for a rough estimation of a pK, value to plot the e-H, curve and 
to know the value of H, near the inflexion point.* 

For the purpose of obtaining the more accurate K, value, another method was 
developed in the present paper. If e° could be known from e by equation (11), 


2 3 4 5 6 7 8 9 10 ul 12 


20,000 29,000 


15,000 


MesCO,H 10,000 
at 282 mp 


3 4 5 6 7 8 9 10 1 12 


The relation between ¢ and H,. The arrows indicate the inflexion points. 


Fig. 7 


K,, ef, and e},. would be obtained by applying the least squares calculation to 
equation (8). Although it is impossible in practice to obtain c©° values, the above 
consideration leads us to the inference that some observed ¢ values near the inflexion 
point may approximately satisfy the relation represented by equation (8) or (9), and 
that the K, value may be evaluated with high accuracy by applying the least 
squares method to the following equation derived from equation (8) by substituting 
e for 

ex — K {ein + K,) = ehy+ + C/(10-" + K,) (13) 


* It is a good idea, as was suggested by Davis and GetssmMaAN [27], to find the mid-point of the 
“straight portion”’ as the inflexion point. 
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where C K.(ehu+ — &;). Actual mathematical procedures are as follows. Let 
us put 

0 0 0 ’ 

and K, = (K,)) + 6K, 


The zeroth approximate (K,), is chosen as the value of h, (—10~“°) at the inflexion 
point (or at the mid-point of the “straight portion’’), (¢{,,;,), is set equal to the value 
of ¢ expressing the upper asymptote of the curve e—H,, and C, is calculated from 
(K,)o, (hug and (ef), which corresponds to the lower asymptote. The correction 
terms d¢hy+, OC and 6K, can be obtained as the solutions of the following normal 


equations : 
(UX — + CouX? + 2X (14) 
(UX*)dehy+ — (CoLX*)OK, + (XX)5C aA? — Cyd + DX? | 


X = 1/[10-% + (K,)o] 


The least squares procedures are executed three or four times, then de},,., 6C and 
OK, converge to certain values. Accuracy of these values is dependent on both the 
experimental errors of ¢’s and the intrinsic solvent effects which make the observed 
e-H, curve deviate from the ideal ¢°-H, curve. If the values K,, «, and 


a 
éhu+ are accurately obtained by this procedure, the points plotting log {(e{.. — «), 


(e — e})} against H, will lie ona straight line with a unit slope (see equation (9), with 
the assumption ¢ ~ ¢«°). Efforts were made to seek the best values for ec}, and ¢}, 
so as to make the slope of the line plotting log {(e},+ — «)/(e — ¢})} against H, 
a unit in a wide range of H,. Then K, could be uniquely obtained from a wide range 
of solvent acid concentrations (H,’s). 

Benzoic acid. In order to reduce the solvent effects as much as possible, eight 
e values observed at 262 my for the 76-25-89-50 per cent sulphuric acid solutions 
at 20°C were chosen for the least squares calculation (Table 2).* Iterative application 
of the least squares method gives the following result: 


= 2°85 x 108, = 1-63 x 104 


and K, = 1-04 « 10’ or pK, 702+ 


a 


The plots of log {(e,q+ — e)/(e — e})} against H, fit exactly a straight line with a 
unit slope [Fig. 8(a)] and the discrepancies of the observed e's from the calculated 


* If thirteen ¢ values for 60-50-96-20 per cent sulphuric acid solutions were taken into account the 
following results were obtained: 


& 1-49 10%, 1-71 x1 
and K, = 0-955 x 107 or pK, 6-98 


But 
considerably deviates from a unit slope (0-77). In addition, the discrepancy of the calculated molar 
extinction coefficient values from the observed one is fairly great and is continuously varying, indicating 
that the cause is not attributable to experimental errors, but to the intrinsic solvent effects. 

+ The value obtained by Hammett ef al. [24] and by Yates and Stewart [28] was —7-26. 


In this case, however, the curve representing the relation between log {(¢ e)/(e e%)} and H, 
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Table 2. Molar extinction coefficients of benzoic acid at 262 my in sulphuric acid solutions 


H,SO, Ae 


€cale, (%) 
Oo 


4-36 108 
6-45 
7:72 
10-30 
12-37 
14-10 
15 . 15-00 
50 15-34 
91-75 
93-00 
96-20 


log 


Ww 
w 
+ 

= 
° 


log (H,0) 
Ist step 2nd step 
Fig. Sia The relation Fig. 8(b). The relation between log 


between log ‘BH? and H,, and log 


— and H, for ben and H, log | H,O} for mesitoic acid, 
zoice acid 


values are within the limits of experimental errors (Table 2). The good result ob- 
tained here is conceivably a confirmative evidence for the usefulness of this method 
to investigate the equilibrium quantitatively. Attention should be called to the fact 
that the values ¢}, and ¢},,,. obtained here are larger and smaller, respectively, than 
the corresponding values expected from the asymptotes of the e-H, curve. These 
discrepancies are not attributable to experimental errors but to the solvent effects. 

Mesitoic acid. The eH, curves for mesitoic acid in 44-30—99-15 per cent sulphuric 
acid solutions are shown in Fig. 7, e's being those at 282 my (Table 3). From this 
figure, it is easily seen that mesitoic acid ionizes in sulphuric acid in a quite different 
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manner from benzoic acid; since the curve seems to be composed of two parts, each 
of which is apparently expressed by equation (13), ionization is very likely to proceed 
in two steps as suggested by ScuusBert ef al. [25] 

If the first step of the interaction between sulphuric acid and mesitoic acid is an 
attachment of a proton to the carbonyl group like the case of benzoic acid, the 
relation between « and H, will be just the same for both cases. Iterative applica- 
tion of the above-mentioned least squares method for the six data obtained with 
the sulphuric acid solutions having concentrations of 44-30-88-15 per cent gave 


Table 3. Calculated and observed molar extinction coefficients of mesitoic acid at 282 my and 
the concentration ratios of MesCO,H, MesCO,H,” and MesCO* in sulphuric acid solution 


fobs Feak Ecaic. Aet [B] [BH*] [Act] 


H,SO, 
( x 103) 


(%) H, ( —H, log{H,0}) 


44-30 0-68 
78-30 
81-70 
83-50 
85-80 
89-50 
91-75 
93-90 
96-20 
98-40 
99-15 


> to 


+1 
“1 


— 


* The values calculated from equation (13). 


+ The values calculated from equation (22). 


good results: all the plots of log {(e},, e)/(e — e})} against H, fit a straight line 
with a unit slope [Fig. 8(b)] and the differences between the observed and calculated 
e’s are very small (Table 3). This fact gives a positive support for the following 
equilibrium : 


MesCO,H — H* = MesCO,H,* (<ca. 90 per cent sulphuric acid) (15) 


the resultant ion MesCO,H,* remaining unchanged in the sulphuric acid media with 
the concentration below 90 per cent. The constants thus obtained are as follows: 


0 - 2 0 3 
& = 6-80 107, = 6-27 x 10 


and K, = 0-782 « 10° or pK, -6-897 
The relatively small values of ¢}, and ¢},,,. compared with the case of benzoic acid 
are attributable to the steric hindrance of the two methyl groups (see above). 

As was already mentioned, in more concentrated sulphuric acid the acylium ion 


+ The corresponding value obtained by ScuusBert et al. was —7-3, 
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(Ac*) is clearly formed. Therefore the second step can apparently be represented 
by the following equation: 
BH* + H* = Ae H,O** (16) 
or MesCO,H,* + H* = MesCO* + H,O* (> ca. 90 per cent sulphuric acid) (17) 
Dissociation constant K,.. is expressed by 
K Anne (4 (18) 


[BH* 
[Act] face ,0+ 


One can assume [|B] to be negligible in more concentrated sulphuric acid than 90 
per cent, since, according to the above result, about 95 per cent of the mesitoic acid 
molecules are converted into the protonated ion in 90 per cent sulphuric acid (see 
the last three columns of Table 3). Accordingly [BH*]/[/Ac*] can be set equal to 
e)/(e — eh.) by the analogy of the case of the first step. The ratio fyy.°4y-/ 

is assumed to be A, following Gotp and Hawes [26], and the activity of the 


(19) 


hydroxonium ion @y + is reasonably assumed to be equal to the stoichiometric 


concentration of water molecules present in sulphuric acid [25], since it is very 
small in more concentrated sulphuric acid than 90 per cent and the quantity of the 
hydroxonium ion derived from BH * is negligibly small compared with that originally 
present in the sulphuric acid solutions. Hence, A,.,. becomes 


fact é h,, 


or pK + log [H,O}} log {(e%. } (21) 
It is worthy of notice that in this case ¢ is not a function of H, but of {H, + log{H,O}} 


Successive applications of the least squares method to the observed values of ¢ and 
{H, + log [H,O}} give the result of 


0 3 0 9.12 4 
5-95 Bact 2-13 10 
and = 408 16 or pKy,.. 8-61 


Moreover, the relation between log {(e4.. — ¢)/(e¢ — ehy-)} and {H, + log [H,O}} 
fits exactly a straight line with a unit slope except for the points at both ends, 
which are presumably in greater error. 

Although agreement between the observed and calculated ¢ values is a little 
poorer for this case than that for benzoic acid, the result will be satisfactory, if one 
considers the difference of stability of the two equilibria. That the plots of log 
f(e... — e)/(© — ehy+)} against any other variables (for example, H,) expressing acid 


* Even if one assumes the equilibrium, BH* Ac* H,O instead of equation (16), it will be 
followed by protonation to the water molecule, H,O H* H,O*. This means that the two alterna- 
tives may be regarded as identical so far as the equilibrium is taken into account. 
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strength deviate largely from a unit slope is a comfirmative evidence for the existence 
of the equilibrium represented by equation (16) or (17). The ratios among [B}, 
| BH*) and [Aec*] in various concentrations of sulphuric acid solutions are calculated 


60 70 80 90 100 
0 


T T T 100 
60 70 80 90 =6100 
H,SO, % 


Fig. 9. Diagram representing the ratios among B, BH* and Ac* in sulphuric acid solution 
of mesitoic acid. 


and shown in Table 3 and Fig. 9. The fact that the e},. values, 6270 and 5850, 
obtained for the first and second steps are in fairly good coincidence seems also to 
show the reliability of the present analysis. The rather small discrepancy of about 
7 per cent may presumably be interpreted in terms of the solvent effects. 


\ Ac* 

\ | 
BH’ 
50 . 50 
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Abstract — The infra-red absorption spectra of a number of compounds containing the SF,-group 
have been measured. From this study it appears that the SF,-group always leads to strong bands 
between 580 and 610 em™! and very strong bands between 860 and 910 em™=! which can be used as 


diagnostic bands for this group 


Introduction 
Tue infra-red absorption spectra of SF, [1], SF,Cl [2], SF,SF, [3], CF,SF, [4], 
CF CLSF, [5], SFyCFySF, [4] and SF,-CF,-COF [5] have been published, and 
assignments of the observed frequencies to particular vibrational modes have been 
made for SF,, SF,Cl and S,F,, where the high symmetry of the molecules makes this 
possible. The preparation in this laboratory of a number of compounds containing 
the SF,-group {6] has enabled certain constant features of their spectra to be assigned 
to this group. The presence of other characteristic group frequencies is discussed in 
the light of known correlations between infra-red absorption bands and structural 
features of the molecules [7]. 
Experimental 

The compounds studied were prepared and purified by the methods of Case 
et al. |6) The spectra have been recorded, where possible, in the gas phase but the 
less volatile compounds were studied as liquid films between KBr plates. The spectra 
were measured over the range 4-20 w on a Grubb—Parsons G.S. 2A double-beam 
grating spectrometer. 

Results 

The observed infra-red absorption spectra for the eighteen compounds studied 
are shown in the diagrams (Figs. 1-18). The frequency (in em~') values of the 
more intense bands, with qualitative indication of intensity, are listed below. 

(1) SF,CH,CH,-Cl: 1307, 1236, 1013 (s),* 942, 924 (s), 894 (vs), 863 (vs), 
773 (s), 690 (s), 630 (vs), 605 (ws), 569 (s). 

(2) SF,CH,-CHCI-CH,: 1091, 1030, 920 (s), 888-863-837 (vs), 626 (s), 602 (s). 

(3) SF,-CH,-CHCI,: 1420, 1335, 1285, 1186, 943 (s), 885-860-839 (vs), 772 (s), 


687 (s), 629 (s), 600 (s), 565 (s). 


4 very strong. 
T. LaGeMann and E. A. Jones, J. Chem. Phys. 19, 534 (1951). 
H. Cross, H. L. Roperrts, P. Gocers and L. A. Woopwarp. Trans. Faraday Soc. 56, 945 L960). 
Dopp, L. A. Woopwarp and H. L. Roperrs, Trans. Faraday So 
Clirrorp, Ei-Saamy, H. J. Emevcéus and R. N. Haszevprse, J. Chem. Soc. 2: 
‘+. HaszeELpINe and F. Nyman, J. Chem. Soc. 2684 (1956 
. Case, N. H. Ray and H. L. Ropers, J. Chem. Soc. In press (1961). 
SeLtamy, The Infra-Re i Spectra of ¢ om ple r Molecules (2nd Ed.). Methuen, London (1958) 
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(4) SF,-CHCI-CH,Cl: 1436, 1317, 1305, 1277, 1261, 1237, 944-933-911 (s), 
875-862-857 (vs), 781 (s), 732 (s), 671, 645 (s), 629, 595 (s), 570 (s), 549. 

(5) SF,CH—CH,: 1390 (s), 1046 (s), 958 (vs), 870 (vs), 699, 673, 659, 587-567 
562 (vs). 

(6) SF;CH=—CHCI: 1615, 919 (vs), 888 (s), 873 (vs), 852 (s), 740-735 (s), 
659-655 (s), 612-608 (s), 574. 

(7) SF,-CH—CCIL-CH,: 1653, 1100, 991, 894-871 (vs), 725 (s), 652 (s), 610-606 
603 (s), 577. 

(8) SF,CH,CH=CH,: 1438, 995, 943-939-933 (s), 885-854 (vs), 723 
663-659 (s), 612-607-603 (s), 568, 533. 

(9) SF,CH—CH-CH,: 1663, 1449, 973 (s), 948 (s), 889 (vs), 866 (vs), 744 
734 (s), 662-657 (s), 611-606-601 (s), 573. 

(10) SF,-C=C-CH,: 2261 (s), 1068-1063 (s), 893 (vs), 855-852 (vs), 706-701 
697, 671-667, 622-618-612 (s), 589. 

(11) SF,-CF,-CF,-Cl: 1272-1261, 1221 (s), 1196 (s), 1180 (s), 1152 (s) 1082 (s), 
1058 (s), 955 (s), 899 (vs), 839 (ws), 794 (ws), 687 (s), 670, 664 (s), 614-608-604 (vs), 
576. 

(12) SF,-(CF,-CF,),Cl: 1233 (vs), 1162 (s), 1127, 1088, 1061, 967, 948 (s), 901 
(vs), 884 (s), 863 (s), 793 (s), 767, 748 (s), 721, 698 (s), 687 (s), GOO (s), 578 (s). 

(13) SF,-(CF,CF,-),Cl: 1228 (vs), 1158 (vs), 1116 (s), 1084, 1066, 979, 975, 889 
(vs), 831, 799, 784, 744 (s), 735, 696, 669, 650 (s), 605 (s), 564 (s). 

(14) SF,-(CF,-CF,),Cl: 1209 (vs), 1152 (vs), 1085-1071 (s), 1007, 995 (s), 927, 
882 (vs), 844 (s), 697, 686, 660 (s), 622, GOS (s), 575, 558 (vs). 

(15) SF,-CF,-CFCI,: 1216 (s), 1123 (s), 1064, 1041, 928 (vs), 897 (vs), 823 (s), 
765 (vs), 689 (s), 650, 6O8—603—600 (vs), 578 (s), 530. 

(16) SF,-CFCI-CFCI,: 1207-1191-1175 (s), 1138 (s), 1049 (s), 937 (s), 898 (vs), 
874 (s), 842, S12 (s), 755 (vs), 688, 650, 606-603-600 (vs), 583, 526. 

(17) SF,-CFH-CF,Cl: 1236, 1164 (s), 1123, 1076, 1004 (s), 927 (s), 898 (s), 
885 (vs), 817, 778, 764, 725 (s), 674, 612-608-604 (s), 574. 

(18) SF,-CF—CF,: 1782 (s), 1351 (s), 1246 (s), 1089, 898 (vs), 862 (vs), 706 
702-698, 657-654-650, 618-614-610 (s), 573, 536. 


Discussion 

The common feature of all the molecules studied in this work is the presence of 
the SF,-group, and the observed infra-red absorption bands which can be directly 
related to vibrational modes within this group will be discussed first. 

Of the simple molecules for which a complete or nearly complete vibrational 
assignment is possible, SF,Cl provides the best model with which to compare the 
molecules studied. The octahedral symmetry of SF, means that several modes of 
vibration are inactive in infra-red absorption while the presence of two SF;-groups 


in 8,F,, means that pairs of frequencies due to symmetric and antisymmetric modes 


of the two SF,--groups together give rise to an added complication. 

In the infra-red absorption spectrum of SF,Cl, three bands, at 908, 854 and 706 
em~'!, are assigned to S—F stretching vibrations. Of these bands, while all are very 
strong, those at 908 and 854 cm~! are about ten times as strong as that at 706 em~". 
A symmetric deformation frequency of the SF;-group in SF;Cl gives rise to intense 
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Figs. 


absorption at 600 cm~!, its intensity being intermediate between the bands at 908 
and 854 cm~! and that at 706 cm~. It is to be expected therefore that in compounds 
containing the SF;-group the most intense bands should occur in the region 850 

920 cm! due to S—F stretching modes and in the region of 600 em~! due to S—F 


deformation modes. 
Of the molecules studied, that which most closely resembles SFC] is SF,-C==C-CH, 
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absorption 


Figs. 5-8. 


(spectrum 10) as here the group C==C-CH, has a mass similar to that of chlorine and 
the molecule has a fourfold axis of symmetry along the F—S—C=C—C line. The 
infra-red spectrum of this molecule shows strong bands at 893, 852, 701 and 618 em~! 
the ratio of the intensities being very similar to that shown in SF,CI [2]. 

In the infra-red absorption spectra of the compounds (1)-(9) in which the SF;- 
group is bound to an aliphatic hydrocarbon or chlorinated hydrocarbon residue, two 
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Figs. 9-12 


features stand out: (1) a very intense, usually broad band centred on or about 
870 cm~!; (2) a less intense but sharp band at or near 600 cm~!. The broad band 
near 870 cm~' must therefore be assigned to S—F stretching and is probably a 
combination of the two modes which give rise to 893 and 852 em~! in SF,-C=CH, 
and 908 and 854 em~! in SF,Cl. The presence or absence of a band at or near 700 


em~' due to the SF;-group is difficult to confirm or deny as it would be expected to 
be less intense than the other S—F bands and lies in a region where other vibrations 
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Figs. 13-16. 
would also be expected to give rise to absorption. The intense bands at or near 
600 cm-! may confidently be assigned to S—F deformation. The presence of bands 


in the region 870 em~ and 600 em~' may therefore be regarded as diagnostic for 


the group SF,- attached to aliphatic carbon. 
Where the SF,-group is bound to a fluorocarbon or chlorofluorocarbon residue 
In this case the intensity of bands due to C—F 


the picture is more complicated. 
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vibrations is of the same order of magnitude as that due to S——F vibrations and the 
bands due to the SF,;-group are no longer the dominant features of the spectrum. 
The simplest spectrum in this class is that of SF,-CF—CF, (spectrum 18) where bands 
at 898 and 862 cm~! can be assigned to S—F stretching modes and a band at 614 


em~! to the symmetrical SF; deformation. The spectra 11-17 are more complicated 
but bands at 880-910 cm~! and 600-610 cm~! are always strong features of the 
spectrum. 


Other characteristic bands 
1. —C=C— stretching 
The acetylenic —C=-C— stretching frequency in SF,-C=C-CH, occurs at 2261 
em~! which is in the normal range of such frequencies [7]. 


2. Bands attributed to olefinic unsaturation 

The presence of the highly electronegative SF,-group on one end of an olefinic 
bond leads to a high intensity for the C—C stretching frequency. This occurs with 
medium intensity at 1615 and 1653 cm~', respectively, for SF;-CH=—CH-Cl and 
but only quite feebly for the olefines SF,-CH—CH-CH,, 
CH—CH, and SF,-CH,-CH—CH,; for SF,-CF—CF, there is a band at 1782 em™' 
which is typical of the values obtained for other fluoro-olefines [7]. 

The two olefines SF,-CH—CH-CH, (9) and SF,-CH,-CH=CH, (8) are isomers 
and it is instructive to compare their infra-red spectra in the light of their structure. 
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In case (9) the SF; group is attached directly to the C—C link and an inspection of 
the spectra shows that the C—C band at 1603 em~ for this compound is scarcely 
perceptible for (8). Spectrum (9) shows a C—CH, band at 1449 em-! which is much 
more intense than that in (8) which has only a -CH,—group. Further, the spectrum 
of (8) shows a band at 995 em~! which is typical of a vinyl group which is absent 
from the spectrum of (9). The vinyl C—H band normally observed at 908 em-! is 
masked by the SF; group frequency. 


3. Other bands 

It is difficult to obtain any other reliable diagnostic bands for these molecules as 
C—C, C—S, C—Cl and C—F stretching modes all appear over a wide range of 
frequencies [7] and therefore cannot be assigned with any certainty. The detailed 
spectra, therefore, although useful for characterization of the compounds, cannot be 
used to obtain any further structural information. 
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Frequenzverschiebungen im System Wasser/p-Dioxan 


Hartmut Frirzscue 
Deuteche Akademie der Wissenschaften zu Berlin, Institut fir Mikrobiologie und 


experunentelle Jena 


26 October 1960 


Abstract — Measurements were taken of frequency shifts occurring with the infra-red bands of 
mn water ps The re rded amount nd signs rendered possible the derivation 


emt for the formation of hydrogen bondings is based on 


oft an miter freon 


Ber Zusatz von Wasser zu p Dioxan ist wegen dessen guter Protonenacceptoreigen- 
schaft mit dem Auftreten starker Wechselwirkungskrifte zu rechnen 
In friiheren Arbeiten wurde das Svstem Wasser p Dioxan mit Hilfe der Kalori- 


DK-Messung der Réntgenstrahlbeugung |3) sowie der Raman- 


metrie der 
spektroskopie [4-6] untersucht. Infrarotspektroskopisch haben sich Gorpy [7] und 
ef al. mit Dioxan-Wasser-Gemischen beschiftigt, wobei wegen 
anderer Fragestellung keine quantitativen Aussagen tiber die Dioxanfrequenzen 
gemacht wurden 

In diesen Arbeiten wurde erwartungsgemiss starke Wechselwirkung zwischen 
Dioxan und Wasser festgestellt, wobei nur die spektroskopischen Messungen den 
Einfluss dieser Krifte auf die einzelnen Bindungen im Dioxanmolekiil zu messen 
gestatten und dadurch weitergehende Aussagen tiber die Natur der Wechselwirkung 
ermdglichen. Die Existenz definierter Solvatkomplexe, wie sie aus den Verschie- 
bungen der Schwingungstrequenzen in anderen Svstemen [9, 10] gefolgert worden 
war. liess sich hier nicht nachweisen [4, 5 

\us zwei Griinden war die infrarotspektroskopische Messung der Frequenz 


verschiebung dieses Systems wiinschenswert. Einmal sind die Frequenzverschie- 


bungen auch bei Verwendung eines kommerziellen Prismengeriites ohne Gittereinheit 
messbar als die Verschiebungen der Raman-Frequenzen in den 


noch genauet 
angefiihrten Arbeiten. Weiter treten im Infrarot die Schwingungen der ramaninakti- 


ven Rassen A. und B. auf 
Bei Messungen von Gemischen mit Wasser scheiden die Bereiche starker 
Wassereigenabsorption aus. Durch Verwendung von Deuteriumoxyd konnten auch 


diese Gebiete in die Untersuchung einbezogen werden. 


N. N. O. A. Ostrov und G. K. Monozova. Zhur. Obehchei Khion 24, 1540 (1054) 
F. Cook. Ty y So 7, 251 (1951 


} CENNAMO und | TARTIGLIONE, Nu » cimento 11, No. 10, 401 (1959 

4) ©. Favcoonstrer und M. Harranp, Ann. phys. 1, No. 13, 5 (1956) 

5} A. Siwow und F. Fentr, Z. Elektrochem. 42, 688 (1936). 

6) C. Phys. Re 56, S48 (1030 

7) W. Gonpy, Phys. Ree. 50, 115 (1936); D. Wittiams und W. Gorpy, J. Am. Chem. Soc. 202 
1937 W. Gorpy, // 60, 605 (1938 

8) Gremacner, W. Lirrke und R. Mecke, Z. Elektrochem. §2, 107 (1948 

0) G. M. und G. Giarzer, Z. Elektrochem. 61, 1028 (1957); D. Hapdi (Herausgeber) Hydrogen 
Bonding pp. 185 ef seq. Pergamon Press, London (1959 


10) A. N. Optik S pektroskopr ya 4 51 (1060) 
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Frequenzverschiebungen iin System Wasser/p—Dioxan 


Experimentelles 

Dioxan fiir DK-Messungen wurde gereinigt und getrocknet [11]. Das Deuterium- 
oxyd wurde ohne Reinigung verwendet. Die Reinheit betrug 99,73°,. 

Die infrarotspektroskopischen Messungen wurden mit dem automatisch regi- 
strierenden Doppelstrahlgerit UR 10 (Carl Zeiss, Jena) mit NaCl- bzw. LiF-Prisma 
durchgefiihrt. Die spektralen Spaltbreiten betragen in den benutzten Frequenz- 
bereichen 3-4 cm~'. Die Fenster der verwendeten Kiivetten waren aus KRS-5 
gefertigt: es gelangten Kiivetten mit den Schichtdicken 0.0026, 0.0042 und 0.0113 
em zum Einsatz. Bei hoher Dioxankonzentration wurde ein kapillarer Film ver- 
wendet. Die Genauigkeit der gemessenen Wellenzahlverschiebungen betriigt 
0.5 em~! fiir den Bereich von 800-1300 em~! und | em~! fiir den Bereich von 2650 
3000 em~'. Zur Wellenzahleichung dienten Ammoniak-, Wasserdampf- und 
Chiorwasserstoffspektrum. 

Ergebnisse und Diskussion 

Tabelle 1 bringt die Zuordnung (Bezeichnung nach MALHERBE und BERNSTEIN 
[12]) und die Wellenzahlen der einzelnen Schwingungsbanden in Abhingigkeit vom 
Wassergehalt. Dabei gibt m das Molzahlverhiltnis Wasser/Dioxan an. Grésse und 
Vorzeichen der Wellenzahlverschiebungen Avy in Abhingigkeit von dem Molzahlver- 
hiltnis m sind aus Abb. 1 zu entnehmen. 


Tabelle 1. Wellenzahlen einiger Dioxanschwingungsbanden bei Wasserzusatz (mit* gekenn- 
zeichnete Schwingungen: Verwendung von D,O statt HO) 


"1s "16 
B B 
Ring 


wagy. rock. wayg 
str. 


2960.4 2853.8 1254.1 1121,6 2889,7  1288,9 1048,3 1083,2 3,5 | 2692,7 
2966,0 2860.0 1256.7 1119.5 2894,! 1292.0 1046.6 1082.6 : 2697.7 
2860.2 1256.2 9 1119,7 1046, 1082.5 
2973, 2865.3 1257.3 1118.6 2899: 1293.7 1046, 1082.3 70,7 2699.9 
2973, 2865.4 5 11183 1045.6 
2979, 2871.0 1117.2 2900.3 1295.9 1045.7 1082.1 869, 2702,9 
2979,2 2870.5 1045.2. 1081,7 
2000, 1295.4 2703.1 
2901,2 
2979,0 2870.6 258, 1117,0 1296.2 1045,7 1082,1 869.4 
2979,1 2870,7 1045.6 LOSI.S 869.3 


Danach zeigen alle untersuchten Schwingungen Anderung der Absorptions- 
frequenz, deren Vorzeichen in charakteristischer Weise von der Schwingungsart 
abhingt. 

Negative Verschiebungen treten bei allen Ringschwingungen auf (»,;, 2, und 


positive Verschiebungen bei Schwingungen der CH,-Gruppe (¥,,, 
¥,, und »,,) sowie bei Kombinationsschwingungen (v, + ¥,;). Nur die Absorptions- 


[1l| A. Wetsspercer und E. 8. Proskaver, Organic Solvents. Interscience, New York (1955). 
{12} F. E. Matwerse und H. J. Bernsrery, J. Am. Chem. Soc. 74, 4408 (1952). 
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bande bei 1046 cm™! (»,,;, A, rock.) bildet mit einer negativen Abweichung eine 
Ausnahme. 

Bei Bildung von Wasserstoffbriickenbindungen zwischen Dioxan und Wasser 
werden Schwingungen mit O—QO-Abstandsiinderungen, d.h. in Richtung der 


2960-4 cr~ 


Abb. 1. Wellenzahlverschiebung Ay (in cm") einiger Infrarotbanden des Dioxans in 


Abhangigkeit vorn Molverhaltnis Wasser/Dioxan (=m), 


Briickenbindung, erleichtert sein [9]. Hierzu gehéren die Ring-Streckschwingungen, 
sie zeigen auch tatsichlich die erwartete Wellenzahlerniedrigung. Wie die Verschie- 


bungskurven zeigen (Abb. 1), kann man die Wellenzahlverschiebungen jedoch nicht 
durch die Ausbildung von 


Wasserstoffbriickenbindungen allein erkliren. Das 
Dioxanmolekiil kann ja mit seinen beiden Acceptorzentren nur zwei bzw. (bei 
Annahme der Vierbindigkeit dieser Sauerstoffatome) héchstens vier Wassermolekiile 


iiber Wasserstoffbriicken binden. Weiterer Wasserzusatz miisste dann ohne Einfluss 
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Frequenzverschiebungen im System Wasser/p-Dioxan 


auf die Absorptionsfrequenzen bleiben. In Ubereinstimmung mit entsprechenden 
Untersuchungen der Ramanfrequenzverschiebungen [4] ist ein Grenzwert der 
Wellenzahlverschiebung erst bei héheren Werten von m zu beobachten. Die 
Existenz eines definierten Solvatkomplexes, bei dem eine bestimmte Anzahl 
Wassermolekeln fest an ein Dioxanmolekiil gebunden sind, kann also ausgeschlossen 
werden. Vielmehr werden durch Dipolwechselwirkung noch weitere Wassermolekiile 
um das Dioxanmolekiil orientiert, die weitere Verschiebung der Wellenzahlen 
bewirken. Das elektrische Feld der orientierten Wasserdipole hat wegen der 
verschiedenen Elektronegativitaét der C—-H- und der C—O—C-Bindungen entspre- 
chend verschiedenen Einfluss: Die Schwingungen mit O—O-Abstandsiinderungen 
werden erleichtert (negative Wellenzahlverschiebungen), die der CH,-Gruppe dagegen 
erschwert (positive Wellenzahlverschiebungen). 

Wie sich aus Abb. 1 ablesen lisst, erreichen die Verschiebungskurven um m 10 
herum den Grenzwert. Demzufolge orientieren sich ungefahr zehn Wassermolekiile 
um das Dioxan als Solvathiille, weitere Wassermolekiile werden nur noch so schwach 
beeinflust, dass sie sich nicht mehr orientieren und sich nur statistisch in der Umge- 
bung des solvatisierten Dioxanmolekiils aufhalten. 


Zusammenfassung 
Die Verschiebung der infraroten Schwingungsbanden des Dioxans bei Zusatz 
von H,O bzw. D,O wurde gemessen. Grésse und Vorzeichen der Verschiebungen 
erlauben folgende Aussagen : 
(1) Ein definierter Solvatkomplex, bei dem Wassermolekiile nur durch Wasser- 
stoffbriickenbindungen an das Dioxanmolekiil gebunden sind, existiert nicht. 
(2) Das Dioxanmolekiil bewirkt Orientierung der Wassermolekiile, wobei das so 


aufgebaute Feld Schwingungen des Ringes (O—O-Abstandsiinderung) erleichtert, 
Schwingungen der CH,-Gruppe dagegen erschwert. 

(3) Die Solvathiille des Dioxanmolekiils enthilt ungefaihr zehn orientierte 
Wassermolekiile. 
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Uber das im Sichtbaren liegende Spektrum des Benzylradikals 
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(Received 30 Se pte mber 1960) 


The visible emission spectrum of the benzyl radical has been recorded with a spectro- 


Abstract 


graph (dispersion 0-9 A/mm). The suggested vibration analysis gives vibrations for the ground 


state which are almost identical with the vibrations of toluene. Relations have been found 
between the vibrations of the excited state and the results of Porter in absorption. The weak 
0-—0 band (21,805 em~') indicates that this electronic transition is almost forbidden. The same 


supposition follows from symmetry considerations of the radical. 


Vom Benzylradikal, 


H 
sind zwei angeregte Elektronenzustinde bekannt. In Abb. | sind die bisherigen Be- 
funde wiedergegeben [1]. In dieser Arbeit handelt es sich um die spektroskopische 
Untersuchung des ersten Elektroneniiberganges. 


Gasphese 
32 745 cm 


Experimentelles 
Die Untersuchungen wurden in einer speziellen Glimmentladungsréhre durch- 
gefiihrt, die bereits friiher eingehend beschrieben wurde [2-4]. Durch Vorversuche 


J. Kussakow, Moskau, Universitat, Chem. Fakultét, z.Zt. Hechingen. 
|| Naheres, auch beziiglich der Literatur, siehe H. ScHULER und M. StocKBURGER, Spectrochim. Acta 
10, 841 (1959). 

H. Scni'ier, Spectrochim. Acta 4, 85 (1950). 

H. ScutUcer und E. Lurz, Z. Naturforsch. 12a, 334 (1957). 

H. ScuULer und M. Srocksurcer, Z. Naturforsch. 14a, 229 (1959). 
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Uber das im Sichtbaren liegende Spektrum des Benzylradikals 


sind die Bedingungen ermittelt worden, bei denen das Spektrum des Benzylradikals 
am intensivsten auftritt. Als Muttersubstanz zur Herstellung des Benzylradikal- 
spektrums in der Entladung erwies sich Toluol am geeignetsten. Die Stromstirke 
betrug 10 mA. Unter solchen Bedingungen gelang es, das Benzylradikalspektrum 
mit einem Plangitter (Bausch und Lomb) und einem Konkavspiegel (Zeiss, Ober- 
kochen) in der Ebert-Aufstellung aufzunehmen. Bei einem Offnungswinkel des 
Spektrographen von etwa 1:40 war eine Belichtungszeit in der zweiten Ordnung 
(Dispersion 0,9 A/mm) von 9 Stunden nétig. In Abb. 2 ist in natiirlicher Grésse das 
erhaltene Benzylradikalspektrum in seiner Gesamtheit wiedergegeben. 

Als Vergleichsspektrum wurde das Spektrum des Eisenbogens mitphotographiert. 
Fiir die Aufnahmen wurden Agfa-Raman-ortho-Platten verwendet. In Tabelle | 
sind alle bisher ausgemessenen Banden zusammengestellt. 


Analyse 

Das Spektrum des Benzylradikals besteht aus den drei starken Bandengruppen: 
22 329 em~!, 21 387 em~! und 20 455 em~!. Die Bandengruppe bei 21 387 cem~? ist die 
intensivste. Ein kontinuierlicher Untergrund verstarkt sich nach Rot. Die Banden, 
die zwischen diesen drei starken Bandengruppen erscheinen, haben geringe Intensitit. 
Wie man sieht, treten hiufig Banden in etwa gleichen Abstainden auf. Diese Banden- 
folgen sind in Abb. 2 unterhalb des Spektrums markiert. 

Um eine Schwingungsanalyse durchfiihren zu kénnen, muss man zunichst 
versuchen, die Lage der O—O Bande festzulegen. Dazu ist es zweckmiissig, einige 
Svmmetriebetrachtungen anzustellen. Das Benzylradikal mit seiner CH,-Gruppe 
wird eine héhere Symmetrie haben als das Toluol mit seiner CH,-Gruppe, aber 
eine niedrigere als das Benzol. Nehmen wir an, dass die zwei Wasserstoffatome 
in der CH,-Gruppe vorzugsweise in der Benzolringebene liegen (diese Annahme hat 
BrnceL [5] in seiner Arbeit auch gemacht), so miisste das Benzylradikal 
nahezu C,.-Svmmetrie haben. Weil nun der reine Elektroneniibergang von den 
Svymmetrieelementen abhingt, kann man erwarten, dass der O—O Ubergang 
des Benzylradikals nicht so stark auftritt, wie der entsprechende Ubergang 
heim Toluol. Andererseits ist der reine O—O Elektroneniibergang bei Formaldehyd, 
das ausgesprochene C,,-Symmetrie hat, verboten. 

Betrachtet man nun den Porterschen Befund [6], so zeigt sich, dass in der 
Absorption in der festen Phase als letzte Bande im Rot eine schwache Absorption 
auftritt, die um Av = 510 em~! von der niichsten, der stiirksten Absorptionsbande, 
entfernt ist. Diese Bande hat Porter nicht identifiziert. Sie kann nicht als 
Absorptionsbande, ausgehend von dem Schwingungsniveau Avy = 510 cm~!, ange- 
sehen werden, weil PoRTER seine Versuche bei der Temperatur des fliissigen Stick- 
stoffes durchgefiihrt hat und bei dieser Temperatur eine thermische Anregung eines 
510 em~! Niveaus nicht mit einer solchen Stirke angeregt wird, wie es die Intensitiit 
der letzten Bande im Rot verlangt. Darum haben wir angenommen, dass diese 
Bande die O—O Bande ist, und die stiirkste Absorptionsbande von Porter dem 


Ubergang von dem unteren Nullniveau zu dem angeregten Niveau mit der Schwin- 
gung Avy = 510 em“! entspricht. 


W. Brnerr, Z. Naturforsch. 10a, 462 (1955). 
(6) G, Porrer und E. STRACHAN, Spectrochim. Acta 12, 299 (1958). 
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Tabelle 1 


Avac 


(A) 


445720 
66,25 
67,50 
69.58 
71,36 
78,38 
80,65 
83,51 
88.52 
90,64 
93,58 
96,15 
97.51 
99,51 

4503.17 
OS 24 
08,27 
10,15 
11,64 
12,41 
22,48 
45,10 
57,62 
70,33 
86,11 

4601.99 
04,32 
05,17 
17,45 
17,99 
19,89 


25, 


32,85 
35.51 
39,13 
46.57 


y (em) 
22 435,61 
390,15 
383,88 
373,47 
364,56 
329,50 
318,19 
303,95 
279.06 
268.54 
253,97 
241,25 
234,53 
224,64 
206,58 
181,61 
181,46 
72,2 
164,89 
161,11 
111,76 
001,72 
941,28 
804,97 
729,73 
718,73 
714,72 
656,98 
654,44 
645,54 
618.02 


416,90 
409,10 
402,96 
394,36 
389,64 
387,03 
382,28 
364,33 
360.54 


355,25 


Avac 
4686.95 
88.84 
90,47 
95,19 
96,35 
99,27 
4700,42 
02,04 
05,00 
O909 
12,80 
14,13 
15,95 
19,57 
29,50 
34,69 
39,40 
56,06 
57,61 
58,69 
71,26 
72,40 
74,55 
85,07 
86,36 


4902.2 
031: 
09, 
16,68 
17,92 
20,75 
23,39 
25,21 
32,51 
34,02 
46,54 
57,74 
61,69 
69,24 


335,84 
327,24 
319,83 
298,39 
293,13 
279,90 
274,69 
267,36 
253,99 
235,53 
218,81 
212,82 
204,64 
188,37 
143,88 
120,71 
099,72 
025,81 
018,96 
014,19 
958,82 
953,82 
944,38 
898,33 
892.70 
887,51 
863.85 
854,32 
765,20 
673,00 
571,06 


398,67 
395,05 
367,68 
338,93 
333,80 
322,11 
311,21 
303,70 
273,65 
267,45 
216,15 
170,48 
154,42 
123,80 
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Uber das im Sichtbaren liegende Spektrum des Benzylradikals 


Der Befund von Porter weist darauf hin, dass der O—-O Ubergang in Uber- 
einstimmung mit den Symmetriebetrachtungen sehr schwach ist. Es liegt nun in der 
Emission von der starken Bande (22 329 em-') nach Ultraviolett im Abstand 
Ay 524 cm~! eine schwache Bande (21 805 em~'), die wir auf Grund der obigen 
Betrachtungen als O—O Bande angenommen haben. Daraus ergibt sich das Term- 
schema, das in Abb. 3 wiedergegeben ist. 


Die darin festgelegten Banden sind in Tabelle 1 in Kursivschrift gesetzt. 


° 


Abb. 3. 


Aus dem Termschema und aus dem wiedergegebenen Spektrum erkannt man, 
dass von der angenommenen O—O Bande im Abstand Ay 

Emissionsbande liegt. Daraus ergibt sich eine Schwingung Avy 
zustand. 


418 cm~! die stairkste 


$18 cm~! im Grund- 
Diese Schwingung, die einen starken Ubergang erzeugt. muss also als 


unsymmetrische Schwingung des Benzylradikals im Grundzustand angesehen werden. 


Ausserdem werden noch folgende Schwingungen des Grundzustandes festgelegt : 


293 cm~', 327 em~!, 786 cm~!, 941 em~'. Die Tabelle 2 zeigt einen Vergleich mit 
entsprechenden Schwingungen des Toluols [7]. 


Tabelle 2 


Benzylradikal (em 1) 293 327 418 786 


Toluol (em™) 
Literatur 


289 


407 786 
(8) 


[9] [8] 


Aus der Tabelle 2 kann man entnehmen, dass in Bezug auf Schwingungszustinde 
zwischen dem Benzylradikal und dem Toluol grosse Ahnlichkeit besteht. Dies ist 
auch verstindlich, weil diese beiden Molekiile sich nur um ein “H’’ unterscheiden. 
{7) G. HerzperG, Molecular Spectra Vol. 11. Van Nostrand, New York (1945). 


{8} N. Fusow, C. Carricou-LaGRanGe, M 


.L, Josten, Spectrochim. Acta 16, 106 (1960), 
{9} K. W. Kontrauscn, Der Smekal-Ramaneffekt. Springer, Berlin (1938) 
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Zwischen den Schwingungen im Grundzustand bestehen Wechselwirkungen. 
Diese Wechselwirkungen fussern sich in einer Verkleinerung der Schwingungen. 
Diese Erscheinung kann man z.B. bei der Schwingung Av = 327 cm~'! deutlich 
sehen. Wenn diese Schwingung allein auftritt, so hat sie den Wert 327 em~!. Wenn 
eine Wechselwirkung vorhanden ist, dann ergeben sich Werte von 317 ecm~' und 
306 em~! (siehe Abb. 3). Diese Verkleinerung sieht man auch bei Avy 418 cm-!, 
Ai 041 em~' und As 293 cm~'. In Bezug auf die bereits oben erwihnten und 
in Abb. 1 eingezeichneten Bandenfolgen ist zu sagen, dass sie alle von der stirksten 
Bande aus nach Rot mit abnehmender Intensitét verlaufen. Es lassen sich zwei 


verschiedene Bandenf'gen mit dem Abstand Ar 75 und Apr 60 

feststellen. Die Bandenfolgen mit Apr 75 em~! gehéren zu Ubergiingen auf das 
Nullniveau, wihrend die Bandenfolgen Ay 60 em~! zu Ubergiingen gehéren, die 


auf irgend einem beliebigen Schwingungsniveau enden. Man sieht das in Abb. 3. 
in der die Av-Werte unter dem Nullniveau des Grundzustandes eingetragen sind. 
Da solche Schwingungen zu klein sind, um sie einer Molekiilschwingung zuordnen 


zu kOnnen, muss man annehmen, dass es sich hier um die Differenz zweier Schwin- 


gungen, einer des Grundzustandes und einer des angeregten Zustandes, handelt. 
Eine solche kleine Differenzschwingung (Ay 59 em~') wird auch beim Toluol 
beobachtet Der Unterschied zwischen Ar 75 und Apr 60 em~! riihrt 
offensichtlich von der oben bereits erwihnten Wechselwirkung her. 


Beziiglich der Schwingungen im angeregten Zustand besteht bereits im Hinblick 


auf die Schwingung A) 524 cm~! mit Porter Ubereinstimmung. Ausserdem 
ergibt sich aus unserem Schema eine weitere Schwingung Apr 752 em~', die 
PORTER aus seinen Absorptionsmessungen mit Ay = 760 em~! angegeben hat. 


Die hier vorgeschlagene Teilanalyse des im Sichtbaren liegenden Benzylradikal- 


spektrums (erster Ubergang] beruht darauf, dass der O—O Ubergang (21 805 em~!) 


nahezu verboten ist. 
Zusammenfassung 


Das sichtbare Emissionsspektrum des Benzylradikals wurde mit Hilfe eines 


Spektrographen (Dispersion 0,9 A/mm) aufgenommen. Die aus der vorgeschlagenen 


Schwingungsanalyse erhaltenen Schwingungen fiir den Grundzustand stimmen mit 


den Schwingungen von Toluol weitgehend iiberein. Bei den Schwingungen im 


angeregten Zustand konnte mit den Befunden von Porter in Absorption eine 
Verbindung hergestellt werden. Die geringe Intensitit der O—O Bande (21 805 


em~') deutet darauf hin, dass dieser Elektroneniibergang nahezu verboten ist: 


dies ergibt sich auch aus Betrachtungen iiber die Svmmetrie des Radikals. 


10) S. N. Gare, J. Sei. Ind. Research (India) B 18, 151 (1954). 
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RESEARCH NOTES 


Ein Analog-Rechner zur Darstellung von Molekilschwingungen 


Received 28 November 1960 


Abstract ~The computation of molecular vibration frequencies using analogue or digital 


methods is considered, and a new analogue computer is described. 


Dix Anwendung von elektrischen Analog-Rechenverfahren auf Molekilschwingungspro 
bleme wurde bisher auf zwei Wegen verfolgt: Der eine Weg geht von der Sikulardetermi- 
nante des Schwingungsproblems aus, deren numet ische Lésungen durch geeignete elektrische 
Netzwerke ermittelt werden {1}. Praktisch liuft dies meist auf ein systematisches Probieren 
heraus. bei grésseren Determinanten ein zeitraubendes und uniibersichtliches Verfahren 

Die Lésung einer grésseren Siikulardeterminante ist heute mit programmgesteuerten 
Digital-Rechnern genauer méglich als mit Analog-Rechnern. Dabei treten indessen neue 
Probleme auf: die Rechenzeit steigt mit der Griésse der Determinante stark an, da sie etwa 
der Anzahl der bei der Entwicklung zu bildenden Produkte und somit der Fakultaét der 
Determinantenordnung proportional geht. Deswegen wird man das Problem vor Eingabe in 
die Maschine zu reduzieren suchen, d.h. die Sakulardeterminante durch Ausnutzung det 
Molekiilsymmetrie faktorisieren. Diese Operationen verursachen wiederum erheblichen 
Zeitaufwand und Fehlerméglichkeiten 

Verfahren, die von der Sikulardeterminante ausgehen, sind ferner fiir Untersuchungen, 
hei denen einzelne Molekiilparameter variiert werden sollen. nicht gut geeignet, weil jede 
Anderung einen neuen Lésungsansatz erforderlich macht 

Demgegeniiber gestattet der zweite Lésungsweg mit \nalog-Rechenvertahren den 
Einfluss einzelner Parameter auf das Frequenzspektrum direkt zu untersuchen, sodass es 
leichter wird, durch Variation der Kraftkonstanten die Eigenfrequenzen des Modells dem 


bekannten Spektrum eines Molekiils anzupassen. Die Verfahren beruhen auf der elektri- 
schen Nachbildung des schwingungsfiihigen Systems. Dabei wurden bisher passive Schalt- 


elemente verwendet, die in Analogie zu Molekiilgréssen gesetzt werden kénnen, z.B. Induk- 


tivititen analog zu Atommassen, Kapazititen analog zu Federkriften {2}. Die Genauig- 
keiten. die sich damit erzielen lassen, sind aber nur gering, teils wegen der relativ starken 
Dimpfung, teils, weil die verfiigbaren Zauteile keineswegs ideales Verhalten zeigen 
Ausserdem werden die Schaltungen mit zunehmender Molekiilgrésse ausserst kompliziert 
und uniibersichtlich. Wir haben deshalb versucht, einen Modellrechner aufzubauen, der 
die Nachteile des passiven Modells vermeidet 

Wir gehen dazu von dem Differentialgleichungssvstem des schw ingunystahigen Molekiils 
in Seiner allgemeinen Form aus 


GFs (1) 


1) R.H. Hvueues und E. B. Winson, Rev. Sei. Instr. 18, 103 (1947); A. A. Frost und M. TAaMREs, 
J. Chem. Phys 15, 383 (1947): W.A Apcock, Re Scr. Insti 19, Isl 1948) 

2| G. Kron, J. Chem. Phys. 14, 19 (1946); G. K. Carrer und G. Kron, Jbid. 14, 32 (1946); A. Many 
und 8. Mernoom. Rev. Nei. Instr. 18, 831 (1947); W. Gresecker, Dissertation, Freiburg | Br. (1942 
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Darin bedeuten: s den Vektor der Koordinaten, G die inverse Matrix der kinetischen 


Energie und F die Matrix der potentiellen Energie {3 


2T = s'G's: 2] s Fs (2) 


Die Wahi der Koordinaten ist zunachst vollig frei: zweckmiassig wird man innere Koordin- 
aten verwenden, was durch die Schreibweise (nach E. B. Wrson, Jr.) bereits angedeutet ist. 
Innere Koordinaten haben gegeniiber kartesischen den Vorteil, dass Rotation und Trans- 
lation des Gesamtmolekiils bereits eliminiert sind. Ausserdem ist die potentielle Energie 
wesentlich eine Eigenschaft der inneren Koordinaten und daher in diesen leicht anzugeben. 


i~-G u~s 


9,, 
u~-Fs 


Schaltung fiir eindimensionalen Oszillator 


Abb 


Analogie 


Die G-Matrix ist zwar verhiltnismissig kompliziert, es gibt jedoch zu ihrer Aufstellung 
Tabellen fiir den allgemeinen und manchen speziellen Fall {3}. Im Hinblick darauf, dass man 
oft einerseits die Kriifte, andererseits den Einfluss der Atommassen, Bindungslingen und 


Bindungswinkel getrennt zu untersuchen wiinscht. wurde unsere Rechenschaltung so 


ausgelegt, dass F- und @-Matrix getrennt eingegeben werden kénnen. ohne dass das Matrix- 
produkt GF ausgerechnet zu werden braucht 

Abb. 1 zeigt die Blockschaltung fiir eine Koordinate. F- und G-Matrix bestehen nur 
aus je einem Element, die durch die Leitwerte f,, und g,, dargestellt werden. Die Spannung 
am Punkt A sei analog der Koordinate « gesetzt. Sie lisst durch den Leitwert F Sy, den 
Strom ~ Fs fliessen. Der nachfolgende Summationsverstiarker liefert dann die Ausgangs- 
spannung u~ Fs, die im Leitwert G 9,, den Strom i ~ —GFS hervorruft. Dies ist 


nach der zu erfiillenden Gleichung (1) gleich § zu setzen. muss also nach zweimaliger Integra- 


tion s ergeben. Fiir Wirkungsweise und Aufbau der Operationsverstirker muss auf die 


Fachbiicher tiber Analog-Rechenmaschinen verwiesen werden } Eine Schaltung nach 
Abb. 1 arbeitet als ungedimpfter Oszillator, dessen Eigenfrequenz durch die F- und G- 
Leitwerte sowie die iibrigen (konstanten) Sch iltungselemente gegeben ist 


| 
OV 3) 


Die Amplitude der Schwingung kann durch “Anstossen” des Modells innerhalb gewisser 
Grenzen beliebig vorgegeben werden. Durch eine schwache Kopplung vom Punkt D auf C 
bzw. B, was mathematisch der Einfiihrung eines Gliedes mit 4 entspricht kann die Schwin- 
yung gedimpft bzw. angefacht werden 


Ein System mit drei Koordinaten, wie es als Versuchsmodell aufgebaut wurde, ist in 


3) E. B. Wiisox, Jr., J. C. Decrus und P. C. Cross. Molecular Vibrations McGraw-Hill, New York 
1955 

W Soy OKA Meti sun om putatoor and Seumulation MeGraw Hill, New York (1054): 
A. Korn und T. M. Kor» Klectronic inalog ¢ ym puters McGraw-Hill, New York (1956); D 
ERNstT, Elektronische Analogrechner Oldenbourg, Munchen (1960), 
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Abb. 2 dargestellt. Die Leitwerte f,, und g,, der Abb. 1 sind zu “Leitwertmatrizen”’, 
erweitert, dadurch treten an den Eingingen der Summatoren und der ersten Integratoren 
Stromsummen auf, die genau nach den Regeln der Matrixrechnung gebildet sind. Die 
Schaltung bildet also das System der simultanen Differentialgleichungen (1) nach und 
vermag mit dessen Eigenfiequenzen zu schwingen. Die Konstanten der Schaltung wurden 
dabei so gewiihlt, dass eine Modellfrequenz von 100 Hz einer Molekiilschwingung von 1000 
em~(3_ « 10 Hz) entspricht. Es hat sich in der Praxis als zweckmissig erwiesen, alle 


1i~-GFs-S§ u~s 


fi, 


Abb. 2. Analogie-Schaltung fiir Molekiil mit drei Schwingungs-Freiheitsgraden 


Koordinaten schwach zu dimpfen und das Frequenzspektrum durch Anregen mit einem 
durchstimmbaren Niederfrequenz-Generator auf Resonanzstellen zu analysieren. Um den 
Charakter einer bestimmten angeregten Schwingung zu erkennen, werden Amplitude und 
Phase der einzelnen Koordinaten oszillographisch bestimmt. Eine in Abb. 2 nicht einge- 
tragene Erweiterung der Schaltung wird dadurch nétig, dass F- und G-Matrix ausserhalb 
der Diagonalen negative Elemente enthalten kénnen. Hierfiir sind zu jeder Koordinate 
noch zwei weitere Verstairker vorhanden, die an den Matrix-Eingiingen Signale mit umge- 
kehrten Vorzeichen zur Verfiigung stellen. 

Unser Analog-Rechner benétigt pro Koordinate fiinf Verstarkereinheiten. Diese bilden 
den wesentlichen Aufwand des Gerits, der damit nur linear mit der Zahl der Koordinaten 
ansteigt. Es erscheint daher vertretbar, einen solchen Rechner fiir gréssere Koordinaten- 
zahlen aufzubauen als sie bisher mit numerischen Methoden behandelt werden. Dadurch 
kénnen einerseits gréssere Molekiile unter Ausnutzung der Faktorisierungsméglichkeiten, 
andererseits aber mittlere Molekiile, etwa bis zur Grésse von Benzol, auch ohne Fakto 
risierung gerechnet werden. 


Institut fiir Elektrowerkstoffe der Fraunhofer-Gesellschaft L.. BECKMANN 
Institut fiir physikalische Chemie der Universitat FuncKk 
Freiburg i. Br., Deutschland 
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X-ray mass absorption coefficients for Mo, Nb, Zr and Ti 


( Received 24 November 1960) 


CaLeuLaTion of X-ray intensities in fluorescent X-ray spectroscopy and electron probe 
microanalysis depends on accurate knowledge of the X-ray mass absorption coefficients. 
Experimental determinations of the coefficients have recently been made for Mo, Nb, Zr and 
Ti for incident radiation in the 0-5-1-5 A range. The values are believed to be accurate to 
about 1 per cent and fill an important gap in literature tabulations 

In the standard X-ray absorption equation 


1, = Iq, exp (— (1) 


/,, is the intensity of wavelength / incident on a slab of material of density p and thickness 
zy. With a mass absorption coefficient ,, the transmitted intensity of wavelength / is /;. 
By measuring /,,, 7,, p and 7, one obtains the value for ~,. Since the product py has the 
dimensions g/cm®, it is most easily and accurately determined by weighing a measured area 
of the slab or foil. The experimental procedure was as follows. 

A modified commercial fluorescent X-ray spectrometer was used for the measurements, 
and precautions were taken to insure monochromatic incident radiation at each wavelength. 
First, fluorescent excitation was used to generate characteristic A-series radiation of the 
desired wavelength from a suitable element (see Table 2). The emitted characteristic 
radiation was collimated by a Soller slit, diffracted from a LiF crystal to select the A,- or K ,- 


Table 1. Values of pz for the four foils 


Element Mo N Zr Ti 


px (g/cm?) 0-0266 0-0236 0-0279 


component, further collimated by a second Soller slit, and then measured by a flow propor- 
tional counter with pulse-amplitude discrimination to eliminate any second-order radiation. 
Background correction was very slight and was accomplished in the usual fashion by 
scanning off the characteristic line on either side. Next a thin foil of the element whose 
absorption coefficient was to be measured was inserted between the second collimator and 
detector, and the transmitted intensity 7, was measured. Actually the sequence of incident 
and transmitted intensity readings was repeated ten times to compensate for any slow drift 
of the X-ray power-supply output. At least 10° total counts were taken for J), and J;. 
Values of py for the four elements are shown in Table | and the resulting mass-absorption 
coefficients are shown at the various wavelengths in Table 2. 

Accuracy of the results is estimated by the usual rule for summing variance. From 
accepted X-ray statistics, the coefficients of variation for J); and J, at 10° counts each are 


Goi \ 10 ~ 03% 


Repeated determinations of py vielded the value 


0 ~ oo 
Ony 


The only other likely source of error would be secondary fluorescence from the foil itself. 
Attempts were made to measure such fluorescence by setting the detector-pulse-amplitude 
discriminator for the proper wavelength. However, the intensity was too low to be measured, 
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Table 2. Mass absorption coefficients ~, for the wavelength range 0-5-1-5 A 


Incident A(A) Mo Nb 

radiation 
SnK, 0-492 44-5 
0-561 64-0 
PdK, ‘587 71-8 
Mok, 632 
NbKy 665 
MoK, 710 18: 
NbK, ‘748 20°: 
ZrK, ‘787 23-8 
BrKk, ‘933 39: 
BrK, ‘O41 
Ask, ‘177 74: 
Znk,, -295 97- 
Znk, 436 128+ 
CuK, 155°: 
TiK, 2-743 


wth 


which is not surprising because the detector intercepts only | per cent of the 47 solid angle 
from a point on the specimen. Therefore the error introduced by secondary fluorescence was 
negligible. Summing the other errors above, one obtains for the total coefticient of variation 


2 


(o,2%)*) 


The 26 or 95 per cent confidence level is thus about 1 per cent of the measured value for 
,, and this is the accuracy ascribed to the measurements. 
W. R. SWEENEY 
U.S. Naval Research Laboratory R. T. SEAL 
Washington, DC. .. 5. BrrkKs 


The N—H stretching frequencies of aniline in chloroform 
(Received 6 January 1961) 


For dilute solutions of aniline in chloroform, KRUEGER and THOMPsoN [1] observed a new 
component on the lower-frequency side of the symmetric (v,) and asymmetric (v,,) NH, 
stretching bands at about 3377 and 3452 cm~', respectively, and commented that if the 
position of vy, and y,, in carbon tetrachloride are regarded as ‘‘normal’’, the shifts observed in 
chloroform are more pronounced than with benzene, acetonitrile or nitromethane as solvents. 
This may be contrasted with the observations of CaNNoNn [2] who examined ammonia 


dissolved in carbon tetrachloride and found no significant frequency shifts for any of the 
NH, bands on the addition of chloroform. Pyrrole shows an N—H stretching band 11 em}, 
lower in CHCl, than in carbon tetrachloride [3], although for pyrrole and ammonia no 


doubling of the absorption band(s) was observed for solutions in chloroform 
1} P. J. Krvecer and H. W. TuHompson, Proc. Roy. Soc. (London) A243, 143 (1957). 


|2) C. G. Cannon, Spectrechim. Acta 10, 429 (1958). 
|3] N. Fuson, M.-L. Josten, R. L. Power and FE. Urrersack, J. Chem. Phys. 20, 145 (1952). 
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As the anomalous behaviour of aniline may be important to the general theory of solvent 
effects on X—H stretching frequencies, the N—H stretching bands of aniline in chloroform 
have now been further examined. 


Results 


The infra-red spectra were determined with a Grubb-Parsons S84, double-beam spec- 


trometer using a calcium fluoride prism. The instrument was calibrated against the vapour 
spectrum of ammonia and HCl. 

The N—H stretching bands of aniline were observed at 3480 and 3394 em~! for dilute 
solutions in carbon tetrachloride and at approximately 3480, 3454, 3392 and 3376 em— for 
dilute solutions in chloroform. No precise values could be obtained for the latter solvent as 
the separation of the two components of Pas and of y, are insuffic iently resolved. The band 
positions and relative intensities were independent of concentration for dilute solutions in 
both solvents, although, in mixed solvent systems of carbon tetrachloride and chloroform, 


the relative intensity of the lower-frequency components were found to vary depending on 


the concentration of chloroform. This suggests that the origin of the lower-frequency 


components cannot be ascribed to interaction between aniline molecules, but arises from a 
specific interaction between chloroform and aniline. Such interactions are known to occur 
for a variety of nitrogen-containing compounds and CHC\, (or CDCI,) [2, 4-6]. A shift of 
31 em~! of the C—H stretching band of CHCl, has been observed for the interaction with 
ammonia [2]; Avey of 110 em~ in triethylamine [6] and Avey of 36 em in pyridine [4]. 
A similar behaviour was observed for aniline dissolved in CCl, in the presence of CHCI,. 
In this case, the ‘‘free’’ C—H stretching band of CHC1, (3020 em~ in C( ‘l,) Was accompanied 
by a band at 3001 em=! (Arpy 19 em~') in the presence of dissolved aniline. 


Discussion 

The results indicate that an equilibrium is established between “‘free’”’ aniline molecules 
and those involved in a weak intermolecular hydrogen bond with chloroform. Although 
weak bonds may occur between chloroform and the z electrons of the aromatic ring, it is 


more probable that the bond which gives rise to the anomalous behaviour in aniline occurs 
to the nitrogen atom. For this ty pe of bond to be formed, the lone pair of electrons has to be 
partially localized on the nitrogen atom [7, 8] and the decrease in conjugation of the amino 
group with the aromatic ring would decrease the s-character of the N—H bonds. This results 
in a shift of the N H strets hing bands to lower frequencies because of the longer and weaker 
N—H bonds [9]. A similar behaviour has been observed by Morrrz [8] for the N—H 
stretching frequency of N-2-hydroxybenzylaniline in which the intramolecular hydrogen 
bond formed by the hydroxyl group to the nitrogen atom lowers the N—H stretching 
frequency by 70-100 cm 


It is significant that this explanation requires both the N—H bonds to be equivalent. 


This is supported by the agreement of both the higher-frequency components (3480 and 


3392 cm und lower-frequency components (3454 and 3376 em~') in the relationship 


¥, = 0876 derived by Bettamy and [10] for primary amines. It is 


unlikely that, if the origin of the lower-frequency components arose from an interaction 
involving the amino group proton(s), both N—-H bonds would be equivalent. 


and H. D. Stipnam, J. Am. Chem. Sov 77, 1365 (1955) 
(.M.H ins and G. C. Pimenrer, J. Chem. Phys. 23, 896 (1955) 
KR. Guick, Chem. & Ind London) 413 (1956 


Moritz, Spectrochim. Acta 1§, 242 (1959 
W. J. A. E. Parsons and P. Oapen. J. ¢ hem. Soe. 1047 (1058) 
10) L. J. and R. L. Spectrochim. Acta 9, 341 (1957 
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This explanation would also account for the absence of any significant frequency shifts 
of ammonia in carbon tetrachloride with the addition of chloroform, as no change in 
hybridization would be required for the formation of the hydrogen bond. 

It is of interest that the ‘‘free’’ N—H stretching frequencies of aniline in chloroform are 
the same as in carbon tetrachloride (within experimental error). The only major solvent 
effect of chloroform compared with carbon tetrachloride on the N—H stretching bands of 
aniline would therefore appear to be the hydrogen bond between the proton of CHC1, and 
the nitrogen atom of aniline 


Acknowledgements—The author wishes to thank I.C.1.A.N.Z. and the Royal Commissioners for 
the Exhibition of 1851 for the award of scholarships. The infra-red spectrometer was purchased 
with the aid of a grant from the Rockefeller Foundation. 
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Optical absorption spectrum of »-irradiated crystalline glycine 
(Received 7 January 1961) 


XECENTLY Dopp {1} has reported the ultra-violet absorption spectrum of solid glycine 
irradiated with X-rays at room temperature up to a total dose of 7 Mrads. He found that, 
during the week following irradiation, the spectrum gradually changed, presumably owing 
to slow chemical reactions within the crystal, but that the final spectrum did not change over 
long intervals. This final spectrum had two main peaks at 2550 A and 3200 A; the former 
was ascribed by Dopp to a dicarboxylic acid whilst the latter was unassigned. The electron 
spin resonance (ESR) spectrum of y-irradiated glycine has been described by Guosn and 
WHIFFEN [2, 3], the irradiation again being at room temperature. These authors found the 
spectrum to be complex and to become more so on heating, but nevertheless they were able 
to show that at least two free radicals were present initially. The concentration of the first, 
tentatively identified as NH,, diminished within a few days of irradiation while the second, 
which could be identified as NH, CH CO,~, was indefinitely stable at room tempera- 
ture. Horsriecp [4] has shown that glycine crystals irradiated at liquid-nitrogen 
temperature, and then allowed to warm up to room temperature, contain but one free 


radical, namely NH,*.CH.CO,~. Consequently it was decided to examine the ultra-violet 


and visible absorption spectra of crystals so treated with a view to a comparison with the 
spectra reported by Dopp 

Glycine crystals were grown from aqueous solution and were found to be elongated along 
the c-axis.* Crystals of good optical quality were sealed in Pyrex tubes under vacuum and 


* Dr. J. J. Woxpce has pointed out to D. H. W. that the statement by ALerecur and Corey | 5}, that 
ulycine elongates along the a-axis, is unreliable and that the crystals used by Guosu and Wuirren [3 
were in fact elongated in the c-direction. This has been confirmed in this laboratory in collaboration with 


D. Henn 


1| D. M. Dopp, Spectrochim. Acta 16, 413 (1960 

2) D. K. Gross and D. H. Wuatrres, J. Chem. Sec. 1869 (1960 
3) D. K. Guosn and D. H. Wurrrex, Mol. Phys. 2, 285 (1959 
4 


\. Horsrie tp. Personal communication 
G. Atsrecut and R. C. Corry. J. Am. Chem. Soc. 61, 1087 (1939 
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the setubes immersed in liquid nitrogen in a glass dewar vessel. This vessel was then irradi 

h a dose of 5 Mracds of y-rays at the Spent Fuel Irradiation Centre, Harwell. After 
ition the crystals were a dark brown colour when cold, but on warming to room tem 
rapidly turned pale vellow. ESR and optical spectra were taken immediately 
S.P. 500) spectrophotometer adapted with the aid of an extra 


The ESR spectrum showed that the only free radical 


the latter with a Unican 
ens to study small crvstals 
INH, CH.CO, The crystal had absorption maxima at 2600 A 
This spectrum is the same as 


(Quartz 
esent was Indes 

ul 3300) A. the former being twice as intense as the latter 
al spectrum. A saturated solution of these crystals in water had an absorption 

ith that of a saturated solution of glycine and therefore the species 
It seems most likely that the 


identical 
ibsorption are not stable to water 
to the same free radical as the ESR spectrum To confirm this 
In these an irradiated and a non-irradiated crystal 
were sealed in a Pyrex tube under vacuum and 
this tub laced in the thermometer compartment of a reflux distillation apparatus 


Temperature control was then achieved by refluxing a liquid having the appropriate boiling 
ppre] 


carried out 


iting Xperime 
trophotometet 


point In this way. the ervstals were heated for two-hour periods at loo’, 120°C. 140°° 


und leat At the thre 


est temperature “tween 
und a corresponding decrease was noted in the int nsity of each of the optical 


two more hours at 160°C caused a further 


lower temperatures no change occurred in either spectrum, but, at 
und } of the radicals disappeared, as shown by the ESR 


maxima A further heating for 
ectra without any new features appearing in either 
peaks observed by Dopp, additional to the absorption of glycine 
part of the absorption spectrum of the free radical 


It seems estab- 


lished therefore that the 


itself. in his “rested” ervstals ar 


NH, .CH.CO, 
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Hydrogen-bonding studies—VII* 


Near infrared spectroscopic studies of the intermolecular hydrogen bonding 
of phenol, p-cresol and p-chlorophenol 


MILpRED M. Macuiret and Rosert West 
Department of Chemistry, University of Wisconsin, Madison, Wisconsin 


(Received 27 October 1960; in revised form 20 December 1960) 


The temperature dependence of the equilibrium constants of the intermolecular 


Abstract 


hydrogen bonding of phenol, p-cresol and p-chlorophenol has been studied by measuring the 


variation with temperature of the molar extinction coefficients of the first overtone of the free 
O—H stretching vibration in the near infrared. The dimer is the predominant form for phenols 
in dilute carbon tetrachloride solution at room temperature. Polymeric forms arise only at 
phenol concentrations above about 0-2 M at 30°C. The enthalpies of cyclic dimer formation are: 
p-chlorophenol, 3-78 ( +0-20); phenol, 5-12 (+0-10); and p-cresol, 6-09 ( + 0-18) kcal/mole dimer. 
The pK®”° values for the same phenols are 9-39, 10-0 and 10-17, respectively. Thus the heat of 


dimerization decreases as acid strength increases among the three phenols. 


MEASUREMENTS of the equilibrium constants of hydrogen bonding have been made 
on many systems by a number of methods [1]. The chief tool of many investigators 
has been infrared spectroscopy [2, 3] and most recently nuclear magnetic resonance 
[4, 5]. Lipper and Becker [6] have shown that methanol, ethanol and t-butanol 
are dimeric in dilute solution in carbon tetrachloride and have obtained equilibrium 
constants and enthalpies of hydrogen bonding for the cyclic dimers of methanol, 
ethanol and t-butanol by an infrared spectral study of the free O—-H fundamental 
stretching vibration near 3. Saunpers and Hywne have studied equilibrium 
constants of hydrogen bonding of t-butanol, phenol and methanol by nuclear mag- 
netic resonance [7]. SaAuNpERS and HyNe concluded by an interesting process of 
curve fitting that phenol and t-butanol exist as trimers in dilute carbon tetrachloride 
solution and that methanol exists as a tetramer. Their data for methanol and 
t-butanol therefore contradict the infrared findings of Lipper and Becker. 
BecKER has shown, however, that the NMR data of Saunpers and HyNe are 
also consistent with dimer formation by these compounds in dilute solution [8]. 
By replotting Saunpers and Hyne’s NMR curves of frequency shift vs. concentra- 
tion, he found a non-zero slope for the dimer which is not immediately apparent 


from the original plots. 


* Previous paper in this series: R. West and C. 8S. Krarmanzev, J. Am. Chem. Soc. In press (1961). 
7 Present address: Research Laboratories, American Cyanamid Company, Stamford, Connecticut. 


1] G. C, Pimenrec and A. L. McCLe tian, The Hydrogen Bond pp. 348-356. Freeman, San Francisco 
(1960). 

J. Krevrzer and R. Mecke, Z. physik. Chem. (Leipzig) B 49, 309 (1941). 

{3} N. D. CoGGrsHa.y and E. L. Sarer, J. Am. Chem. Noe. 73, 5414 (1951). 

4] H. S. Gwrowsky and A. Saka, J. Chem. Phys 21, 1688 (1953). 

C. M. Hueers, G. C. and J. N. J. Phys. Chem. 60, 1311 (1956). 

(6) U. Lippe and E. D. Becker, Spectrochim. Acta 10, 70 (1957). 

7| M. Saunpers and J. B. Hyne, J. Chem. Phys. 26, 1319 (1958); 31, 270 (1959). 

E. D. Becker, J. Chem. Phys. 31 (1959). 
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Recent studies of the intermolecular hydrogen bonding of various aliphatic 
alcohols have been made in the near infrared by Ens and Murray [9]. They used 
the first overtone absorption of the free O—H stretching vibration to calculate 
equilibrium constants of trimerization and tetramerization of these alcohols. 
Similar work in the fundamental region was done by CoGGESHALL and Sater [3] in 
calculating equilibrium constants for the intermolecular hydrogen bonding of 
aleohols and sterically hindered phenols. Equilibrium constants of association of 
some phenols have been determined by NMR but measurements are characterized 
by much uncertainty [5]. 

Controversy exists concerning the exact structure of the dimer of various alcohols 
and phenols. Much evidence for alcohols suggests the closed dimer structure (I) 
having “bent hydrogen bonds” [10, 11, 6]. Earlier workers postulated an open 
dimer structure ([1) for some alcohols [12]. In infrared investigations of the hydrogen- 


H 
R—_O—H-—-O—R 
R—O OoO—R 
H 
H 
(I) (11) 


bonding equilibria of hydroxylic molecules it is usually assumed that if the open 
dimer is present the free O—-H of the open dimer does not contribute to the mono- 
meric O—H absorption [13]. Some evidence indicates that the monomeric O—H 
absorption is near the polymeric free O-—H absorption but is not coincident with 
it (14). 

In this study we have used long path length cells to study the equilibrium 
constants of hydrogen bonding of phenol, p-cresol and p-chlorophenol in the near 
infrared region. We have worked in dilute solution at controlled temperatures to 
determine if constant equilibrium constants for the dimer, trimer or the tetramer 
can be obtained and have used the temperature dependency of equilibrium constants 
to calculate enthalpies of hydrogen-bond formation for the cyclic dimers of phenol, 
p-cresol and p-chlorophenol. 


Experimental 

Reagents 

The phenol was Merck reagent grade material, fractionally crystallized and dis- 
tilled in vacuum. The fraction boiling at 85-5—-86-0°C (20 mm), m.p. 43-0°C, was 
collected. A nitrogen stream was maintained over the system to prevent bumping. 
p-Chlorophenol was prepared from Eastman White Label material by two fractional 
erystallizations and then collection of the distilled sample boiling at 100°C (10 mm), 
m.p. 444°C. p-Cresol was prepared from Eastman Practical Grade by repeated 

9] A. Ens and F. E. Murray, Can. J. Chem. 35, 170 (1957). 

f10) M. Vaw Ture, E. D. Becker and G. C. Prwentret, J. Chem. Phys. 27, 95, 486 (1957). 
11) E. D. Becker, U. Lippe and J. J. Mol. Spectrosc. 2, 1 (1958). 
12} L. P. Kuny, J. Am. Chem. Soc. 74, 2492 (1952). 


13) R. Meckxe, Discussions Faraday Soc. 9, 161 (1951). 
14) F. A. Smrrn and E. C. Crerrz, J. Res. Natl. Bur. Standards 46, 145 (1951). 
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fractional crystallization and collection of the distilled sample boiling at 86°C 
(10 mm), m.p. 35:1°C. The carbon tetrachloride used as a solvent for infrared study 
(Fisher Certified Reagent Grade) was placed in an open beaker in an evacuated 
desiccator over P,O,; and allowed to stand at least 24 hr before use to remove all 
traces of moisture. All solutions were prepared immediately before use by successive 
dilutions of 0-2 M solutions made from weighed amounts of the phenols. Solutions 
were prepared in a low constant humidity room to minimize evaporation and to 
insure dryness. 


Spectra 


A Cary model 14M double-beam spectrophotometer was used to determine the 
optical densities of the first overtone of the free O—H stretching mode in the near 
infrared. The scanning time was 5 A/sec and nominal slit widths were 0-2-0-3 mm. 
The spectrometer was desiccated with P,O; to reduce water-vapor absorption. 
Matched pairs of silica absorption cells were used, with path lengths of 1 em and 
5 em for concentrations from 0-080 to 0-20 M and from 0-010 to 0-050 M, respectively. 
Pure CCl, was placed in the reference beam. Spectra were determined with both 
sample and reference cells in a thermostated hollow brass cell block. Temperature 
control was accurate to +0-05°C above 0°C, and +0-5°C below this temperature. 

The optical densities of each of about seven concentrations of the phenols between 
0-010 M and 0-200 M were studied as a function of temperature. The optical densities 
were corrected for the variation of the number of molecules in the light path due to 
the density change of the solvent with temperature. An apparent molar extinction 
coefficient was calculated from 


Io 


log 


where c is the total phenol concentration of alcohols in moles per liter, and d is the 
cell length in centimeters. The molar extinction coefficients of the free O—H 
stretching mode were plotted vs. concentration at each temperature and extrapo- 
lated to infinite dilution to obtain the molar extinction coefficient at infinite 
dilution, ¢,;0 [6]. The values of the molar extinction coefficients at infinite dilution 
at each temperature were used to calculate equilibrium constants of dimerization of 
the phenols. 


Results 


The plots of molar extinction coefficients of the first overtone of the free O—H 
stretching vibration of phenol, p-cresol and p-chlorophenol vs. concentration of the 
phenols in moles per liter are shown in Figs. 1-3. Equilibrium constants for cyclic 
dimerization and trimerization of these phenols were calculated at each temperature 
for each point on the plots of molar extinction coefficients vs. concentration accord- 
ing to the following relationships: 


Ey = 2K pCex 
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Kp is the equilibrium constant of cyclic dimerization, K, is the equilibrium constant 
of trimerization and C is the total concentration of alcohol [6]. If 


_ op 
Cy’ 


Kp 


X 
“ap 
K x = 


Xy 


where Cp, Cy, X, and X,, are molar concentrations and mole fractions of dimer 
and monomer. Similarly, if 


then 
_ Xr 


Ky 


where C7, Cy, X7 and X,, are the concentrations and mole fractions of trimer and 
monomer. Ky and K, were calculated from the relationships 


log Ky = log Kp + log (1000p,/M,) 
and 
log Ky = log K, + 2 log (1000p,/M,) 


where M, is the molecular weight and p, is the density of carbon tetrachloride 
at the temperature in question. Tables 1-3 show KA, for cyclic dimerization 


Table 1. Ky for dimerization and K, for trimerization of phenol 


Cone. 9-; 0-0°C° 15-0°C 30-0°C 45-0°C 
(M) 1 Ky Ky Ky Ky Ky Ky Ky Ky Ky 


0-200 19-4* 83  17-3* 616 14-4* 512) 10-7 379 | 7-82 270 | 5:56 180 
0-160  22-6* 19-6* 1090 15-6* 684 11-0 495 783 333 5-43 294 
0-132 . - 10-9 591 7:22 375 | 4-63 207 
0-100 | 29-9* 24-4 1740 17-5 1240 «10-7 755 7-11 477 | 5-13 364 
0-080 16-6 1620 9-54 831 6-40 590 | 3-77 354 
0-050 38-0* 6930 25°: 4440 19-4 2760 11:3 1580 8-55 1160 - 1200 
0-020 34-6 13,800 26- 9370 19-1 7320 10-4 3530 | 7-11 2440 - 2780 
0-010 37-3) 28,000 22:3 17,000 19-2 15,000 11-6 7900 5-68 3500 — 12,000 


* Points not used in calculations of average Ky or AH. 


and K, for trimerization of phenol, p-cresol and p-chlorophenol, respectively, at 
various concentrations and temperatures. The equilibrium constants for cyclic 
dimerization, Ky, at each concentration at a particular temperature were constant 
to about +10 per cent. The equilibrium constants of cyclic dimerization of phenol 
and p-cresol at concentrations above about 0-075 M at the lowest temperatures 
showed undesirable downward trends, indicative of the formation of polymers 
higher than dimer. Associated O—H bands at lower frequency than the dimer 
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Ky, for dimerization and K, for trimerization of p-cresol 


Conc. 
(M) 
0-190 
0-152 
0-095 
0-076 
0-047 
0-019 
0-009 


Ky Ky, 
585 
873 
1450 
1090 
3640 
8020 
18.000 


23-5 


23-5 


10-0°C 
Ky 
484 
686 
1210 
1420 
2850 
6360 


14:8 11,000 


20-0°C 
Ky 
10-4 
10-4 


Kr 
486 
669 
— 732 
9-69 1490 
10-5 3760 
751 5960 


30-0°C 
Ky Ky 
8-24 301 
8-29 393 
170 
1140 
2380 


Ky 


40-0°C 
Kr 
240 
264 
353 
393 
837 
1860 


* Points not used in calculation of average Ky or of AH. 


Table 3. 


K , for dimerization and K, for trimerization of p-chlorophenol 


Conc. 
(M) 
0-196 
0-157 
0-098 
0-078 
0-049 
0-019 
0-009 


Ky 
11-4 
11-8 

9-98 
10-0 
13-7 
11-9 
16-3 


K 


416 
520 
718 
941 
2060 
4220 
12.500 


10-0°C 


336 
415 
611 
785 
1580 
4130 
6000 


20-0°C 


3220 


5960 


30-0°C 
K, 


214 

246 

391 

565 

1050 

687 2360 


40-0°C 
Ky Ky, 
4-82 172 
5-01 217 
4:23 298 
3-78 335 
5-73 814 
6-42 2300 
4:53 3840 


Table 4. Average equilibrium constants of cyclic dimerization Ky, for phenol, 


p-cresol and p-chlorophenol at various temperatures 


17-5°C 9-5°C 10°C Bc 30°C 40°C | 45°C 


Phenol 36-6 24°: -22 4-90 
p-Cresol 23 7 96 5-66 


4-93 


bands were also noted in the spectra of these phenol and p-cresol solutions. Accord- 
ingly, the points for some of the more concentrated solutions at low temperatures 
were not used in further calculations (Tables 1 and 2). At room temperatures 
polymer formation was noted in phenol and p-cresol solutions only near 0-2 M. 
Equilibrium constants for trimerization and tetramerization of phenol, p-cresol 
and p-chlorophenol were calculated over the same concentrations and temperatures 
for which dimer constants were calculated. The trimer constants agreed only to 
80-100 per cent and tetramer equilibrium constants were even more divergent, 
differing by about +300 per cent. Since dimer constancy was best for phenol, 
p-cresol and p-chlorophenol in dilute carbon tetrachloride solution near room tem- 
perature, it was concluded that the dimer is the predominating structure for the 
phenols under these conditions. 


| 
K, | 
= 
13 | 6-7 
14-4 5-9 
16-5 4:5 
19 | 58 
Ky Ky Ky Ky, | 
oa 9-33 810 286 
9-52 7-88 343 
8-34 71600 51S 
8-81 665 594 
11-2 VO! 
11-7 05 
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Table 4 shows the average equilibrium constants for cyclic dimerization, K y, 
for phenol, p-creso] and p-chlorophenol at various temperatures. Table 5 shows 
AH, the intermolecular hydrogen-bonding energy of these phenols and some ali- 
phatic alcohols calculated from the temperature dependency of the equilibrium 
constants, K y, of cyclic dimerization. Fig. 4 shows the plot of log Ky vs. 1/T' x 104 
from which the enthalpies of dimerization may be derived. Our values for AH were 


1.6 T 


O 


Fig. 4. 


actually obtained by a least-squares treatment of the data, using each determined 
value of Ky as a separate point. The probable error in AH was estimated 
using the formula of Brrez [15]. Table 5 also shows the acid dissociation 
constants (pX,’s) and AF and AS values for intermolecular hydrogen bonding of 
these phenols and aliphatic alcohols at 30°C calculated from the enthalpies, AH, 
and the average equilibrium constants of cyclic dimerization, Ky. Data for the 
aliphatic aleohols were obtained from LippeL and Brecker [6]. 


[15] R. T. Brrar, Phys. Rev. 40, No. 2, 207 (1932). 
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The reproducibility of the molar extinction coefficients for various concentrations 
of phenol was determined using both the l-cm and 5-cm cells. Three separate lots 
of phenol were investigated and three values of e,, were obtained at various 


Table 5. Thermodynamic functions of hydrogen bonding for phenols and aliphatic 
yhols 


AF —AS 
(keal/mole, (cal/°C mole, 
303 °K) 303°K) 


AH 


(kcal/mole dimer) 


Phenol 51: 0-10) 13-0 
p-Cl-phenol 3°73 + 0-20) 8-8 
Methanol | + 2-5) j 28 
Ethanol y + 1-6) 20 
t-Butanol 1-1) 12 


concentrations at 30°C. Table 6 shows the reproducibility of molar extinction 

coefficients for the concentrations studied. Because of poor reproducibility of molar 

extinction coefficients for solutions more dilute than 0-010, our investigation was 

limited to the region above 0-010 M. 

VOL. 

Table 6. Reproducibility of molar extinction co- 17 

efficients of the first overtone of the free O—H 196] 

stretching vibration of phenol in carbon tetra- . 
chloride 


Concentration Precision 
Average 
(M) (%) 


0-200 2-47 
0-100 3-05 
0-050 3-22 
0-020 3:43 
0-010 3:45 
0-005 3°47 
0-002 3-73 
4-46 


Discussion 
Lippe. and Becker have stated that a non-zero slope of the plots of the molar 
extinction coefficients of the free O—H stretching vibration vs. concentration of 
methanol, ethanol and t-butanol is indicative of dimer formation by these alcohols. 
The equilibrium constants of dimerization, K,,, of these alcohols can be calculated 
from the limiting slope of the plots of molar extinction coefficients vs. concentration 
according to the relationship [6] 
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However, other workers have pointed out that trimer could contribute somewhat to 
the limiting slope, since for the trimer [7] 


de Mu 


dC 


(The contributions due to high polymeric forms would be negligible.) 

Using the relationships between molar extinction coefficients and equilibrium 
constants developed by Lippe. and Brecker [6], our experimental data show that 
constant equilibrium constants can be obtained only for dimerization, and not for 
trimer or tetramer formation (Tables 1-3). Thus for these three phenols the 
dimer is the predominant form in the concentration range below 0-2 M in carbon 
tetrachloride. Our conclusions that phenols are dimeric in dilute solution agree with 
similar findings of Lippe and Becker for methanol, ethanol and t-butanol, but 
contradict those of SAUNDERS and HyNe [7] who interpret their NMR data as indica- 
ting that phenol associates as a trimer in carbon tetrachloride over the same concen- 
tration range which we have investigated. Trimer may be a predominant form in 
phenol solutions above 0-2 M at room temperature, but our data indicate that it is 
not important below this concentration. The monomer-trimer equilibrium may also 
become more significant below 20°C, since at lower temperatures equilibrium 
constancy for dimerization is poorer at the higher concentrations (0-08—0-2 M). 

In this investigation only the free O-——-H of the monomer has been assumed to 
contribute to the first overtone absorption. The unbonded O—H of the open dimer 
(II), if any were present, might also contribute to this first overtone free O—H 
absorption. However, we believe that no open dimer is present because the stretch- 
ing frequencies of the fundamental O—H stretching vibration of the three phenols 
investigated are in the range of ““bent’’ hydrogen bonds [11], and suggest the closed 
dimer which has no unbonded O—-H (1). Moreover, the first O—H overtone of the 
three phenols is sharp and symmetrical at all of the temperatures studied and 
suggests only a single free O—H species, the phenol monomeric O—H. In the event 
that open dimer is present, however, a major contribution of the open dimer O—H 
to the free O-—-H absorption is unlikely even at the highest concentrations investi- 
gated. At these concentrations open dimer O—H could contribute only about 
15 per cent to the total O—H absorption in view of our experimental equilibrium 
constants. 

Values for AH and AS have been tabulated per mole of dimer (Table 5). These 
values would be those for the hydrogen bond if the dimer had the open structure. 
The values for AH seem too high for hydrogen bonds to weakly basic hydroxy! 
oxygens [1]. If the dimer has the closed structure (1) the AH values per mole of 
dimer should be halved to obtain the enthalpy per mole of hydrogen bonds. 

The tendency toward the formation of polymers higher than dimer increases 
from p-cresol to phenol to p-chlorophenol (Figs. 1-3). The enthalpies of dimerization 
increase (become more negative) in the same order (Table 5). It is noteworthy that 


the hydrogen-bonding energy for these phenols increases with decreasing acid strength 
(Table 5). However, the basicity of the hydroxyl oxygen in the three phenols 
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probably increases in the same order as the hydrogen bond strength.* Two possible 
explanations for the observed order of hydrogen bond strengths in phenols may be 
offered: (1) The basicity of the oxygen may be more important than the acidity of 
the hydrogen in determining the enthalpy of hydrogen bonding, or (2) the influence 
of the para-substituent group on the basicity of the hydroxyl oxygen is greater than 
on the acidity of the proton. Explanation (2) is not unreasonable in that the hydrogen 
atom may be shielded by the oxygen from electronic effects on the aromatic ring. 

Confirmation of the order of hydrogen bond strengths is given by the previous 
infrared studies of Meckxe [13] who found AH 3-72, —4:35 and —4-4 for the 
hydrogen-bonding association of p-chlorophenol, phenol and p-cresol respectively. 
Mecke’s work was carried out in more concentrated solutions where considerable 
association to higher polymers takes place, and his values for AH therefore represent 
averages for association to give various polymeric species. Nonetheless, the same 
qualitative trend in A// is evident. 

Our heats of dimerization for phenols are somewhat lower than those calculated 
by Lipper and Becker [6] for methanol and ethanol, and overlap their value for 
t-butanol (Table 5). Equilibrium constants for cyclic dimerization at 30°C, taken 
from Lippe. and Becker's paper are, for methanol AK, = 2-6, for ethanol K, 
5-5 and for t-butanol K, = 8-5 [6]. Free energies and entropies of dimerization for 
the aliphatic alcohols have been calulated from Lippe and Becker’s data and are 
listed in Table 5 for comparison with our data for phenols. These quantities are of 
the same order of magnitude for aliphatic alcohols as for phenols. 
Acknowledqments—Acknowledgment is made to the donors of the Petroleum Research Fund, 
administered by the American Chemical Society, and to the Wisconsin Alumni Research 
Foundation for financial support of this research. The authors are indebted to Mr. Davip L. 
Powe tt for assistance with treatment of the data. 


* The relative basicity of the oxygens in the corresponding methyl ethers has been determined by 
measuring the shift of the free O—H stretching absorption of phenol upon hydrogen bonding to the ethers. 
Values for Avon, obtained by Miss Karen Roserrson, are p-chloroanisole, 146 cm~'; anisole, 159 em~'; 
p-methylanisole, 166 cm~', indicating that the basicity increases in the order given. 
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Abstract—With the example of chromium analysis in steel, a method is approached by which 
it is possible to determine numerically the influences of the other elements present with the 


least possible samples and chemical analyses. 


ALTHOUGH it is possible to obtain a high degree of reproducibility in the analysis of 
alloys by means of X-ray fluorescence, this method has nevertheless found few 
practical applications because the fluorescence intensity of an element is more or less 
influenced by all other elements present. This greatly augments the difficulty of con- 
verting intensities into accurate concentrations while the introduction of simplifica- 
tions involves errors which in their turn diminish the accuracy of the method. 

To determine the interelement effect exactly it is necessary to have a much 
larger number of calibration samples than are required in optical spectral analysis. 

As the melting and chemical analysis of these calibration samples are time- 
consuming, a procedure has here been sought by which the number of these samples 


can be reduced to a minimum. 
In the following work an equation is employed which has been derived from 
SHERMAN’s relation [1] by a simple transformation 


J, = + U (1) 


where 


J, = corrected X-ray intensity for the CrK, ray 


J, = measured intensity of the CrK, ray 
k = slope of the Cr working curve 
('o, = chromium content (°%) 
U = background of the Crk, ray 
c concentration of the element » (including Cr and Fe) 


influence factor of the element n on J, 


It should be noted that «, .C,, takes account of all elements present, thus includ- 
ing the influence of Fe and Cr on the Crk, ray. The application of equation (1) 
reveals at once an unpleasant limitation of X-ray analysis. Either it is necessary to 
determine the percentages of the n constituents of an alloy successively by trials or 
else a system of n equations with » unknowns must be solved, and in both cases the 
influence factors must be known in advance. 

For quick analysis with an automatic X-ray polychromator it will hardly be 
possible to do without an analogue computer. It would even be better to transfer 
the digital output of the X-ray intensities automatically to a suitable computer. 


{1} J. SHerman, Spectrochim. Acta 7, 283 (1955). 


17 | 
379 


W. Marti 


The determination of the «-values from commercial samples by wet analysis also 
leads to n equations with n unknowns. The solution of this system, though possible 
with a digital computer, would lead to inexact influence factors because of the chemi- 
eal analysis errors. A system of calibration samples was therefore sought which 
would permit the evaluation of the coefficients «,, with the lowest possible number of 
wet analyses. 

A rod of Cr steel (Table 1, no. 11) was divided into ten parts of exactly equal 
weight, and each part was melted in an argon atmosphere in a high-frequency 
furnace with the addition of 5 per cent of another element in each case. The ten 
samples of Table 1 were thus obtained. The measured intensities of the CrA, rays, 
together with equation (1) and the results of the wet analysis in Table 1, now permit 
easy calculations of the influence coefficients. Here a,,. was taken as being equal to 
unity so that it is no longer possible to dispose freely of the factor k. 


Table | 


No. Si Mn Cr Ni Mo V 


A478 A 13-20 
0-30 »030 DOL 1202 

C490 DOS 13-38 pow: | 

A 3:87 | A 13°32) 1232 

C 3-78 13-62 | 

D040 D0O-30) DO15 C 466 1226 


D 0-40 


D040) D030 D 0-30 DO-15 3-23 “1116 

3°56 

13-18 

2.14 
A D630 E 4-50 1116 
A 13-23 
B 13-38 
A 13-10 
B 13-45 
A 13-18 A 5-21 
B 13-46 4-88 
A 13-26 9.99 | 
B 13-39 C 4:20 
A 13-84 
B 13-55 


D040, D 0-30 A268 DO15 1199 


D 0-30 DOI5 1109 
D0O-30 DO-15 | 1204 
D040 DO-30 1132 


D040 DO-30 DO-15 


Wet analysis by different Laboratories A, B, C, D, E. 


The influence of Cr on the intensity of the Cr ray was first ascertained by tests 
on Cr steels given in Table 2. As can be seen from Fig. 1, x, amounts to 2°30 +- 0-2. 

In a binary alloy system the (uncorrected) working curves are mostly concave or 
convex and, by careful choice of influence factors, become practically, if not exactly, 
linear. This quality may be of advantage later on when an analogue computer is used. 

The x-values for Ni and W determined with Table 1 turned out to be inexact for 
high Ni and W contents and were corrected by means of tests based on the working 
curve of Fig. 3. 

Accordingly it would have been more to the purpose not to fix the percentage 
of the added elements at 5 per cent but to have chosen roughly the highest, perturb- 
ing amounts. 
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Fig. 1. For a certain ac; of the binary system Cr—Fe, the working curve is linear. 


In Fig. 2 and Table 2 the x-values thus obtained have been plotted against the 
atomic number Z and compared with the mass absorption coefficients (u/p) [2]. 
Most of the «-values correspond practically to the mass absorption coefficients, with 
the exception of the elements V, Cr, Mn. 


(The excessive value of a, should be checked with other suitable samples.) 


Z 


Fig. 2. Influence coefficients vs. atomic number Z, compared with the absorption 
coefficients according to [2]. 


[2] K. Sacer, Tabellen zur Réntgen-Emissions- und Absorptions-Analyse pp. 54-57. Springer, Berlin 
(1959). 
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Determination of the interelement effect in the X-ray fluorescence analysis of Cr in steels 


Table 2 


Perturbing Si Mn | Co | Ni |} Cu} Cr | Mo} WV Nb | Ti | Fe 
element 
1:96 1:36 1-40 1-50 2:12 2-30 402 1-70 | 4-05 5-25 | 1-00 


A working curve based on the samples of Table 3 and on the corrected «-values 
of Table 2 results in a linear graph within the limits of accuracy of the whole analysis, 
this accuracy being the sum of the chemical and X-ray accuracies (Fig. 3). 


Table 3 


Ni | Ti | Nb| Cu r | Co J 
1:48 0-37 ‘7 0-20 | | 1229 
19-40 | 1-12) 0-52 11,907 

17-55 | 10-90 | 2-5 10,079 

26-00 | 10-75 | 1+ 0 14,144 

16-70 | 23-75 | 6: 8678 

22-90 | 15-40 2-70 | 12,427 

12-35 | 0-12 | 1-26 0- 1:98 8076 

18-75 | 17-00 | 3-05 | | 2:30! 3-65) 9697 

$1010 0- ‘80 | 17-90 | 8-70 0-2: | 10,622 
$1013 0-2 13-35 | 0-21. 8951 
836 | 0-32 0+: 6-02 2. | 3325 
837 0-53 0- 7-82 2-80 | 2:90) 4995 
838 0: 2 4-66 | | 1: 7 4:90 2780 
839 | 0-2 2-72 | 5-70 780 1696 
840 0- 2 2-12 0-07 | 2: 0-059 | 13-00 | 11-80 1282 
841 0-16 | O- 4-20 | 0-84 | 1-1! 0-072 | 18-50 2056 
845 0-53 0- 13-30 0-28 | 0-92 0-065 8533 
846 +53 18:37) 910 0-43 0-19 | 10,689 
847 OF -23 | 23-73 | 13-26 | 0-06 0-19 13,333 
848 “Ze 2° 9-10 0-52 | 0-33 0-16 6110 
849 0-6 62) 548) 6-62 0-15 0-21 3867 
850 0-15 2-99 24-80 0-36 2137 
1184 0-7 04 19-44) 9-47 1-46 0-056 0-49 0-067 10,711 
NBS 1185 0- ‘22 | 17-09 | 13-18 | 2-01 9884 


Presumably the influence factors are independent of the exciting rays [3] and 
thus also of the apparatus and its adjustment. The Cr intensities of the samples 
from Table 1 were measured for instance both with a Philips and with a Siemens 
apparatus, and their ratio remained constant within the limits of error. 

A published working curve [4] for Cr—Ni steels was also corrected with Table 2 
and it will be seen that it too becomes linear (Fig. 4). 


[3] H. Nerr, Materialpriifung 1, No. 3, 108 (1959). 
{4) Hilger and Watts Ltd. Research Report BR 13, London, August, 1959, p. 8; J. R. STansFrecp, 
VIII Colloquium Spectroscopicum Internationale p. 279. Sauerlander, Aarau (1960). 
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Infra-red absorption spectra of «:6-tetradeutero-L-alanine 
and perdeutero-L-alanine 


Tarro and Nosvo Tamryat 


(Received 12 December 1960) 


Abstract (L-alanine-2d-3d,, CD,;CDNH,*CO,~) was prepared by an 
enzymic reaction. It was further converted to perdeutero-L-alanine (L-alanine-2d-3d,-N-d,, 
CD,CDND,*CO,~) by reerystallization from deuterium oxide. The infra-red absorption spectra 
of these compounds supported the assignment of absorption peaks of alanine reported previously 


by the authors. 
Introduction 

THE assignment of infra-red absorption bands of alanine was first reported by 
Mizvusuim™a and his co-workers [1] by comparing the spectra of N-deuterated alanine 
and alanine hydrochloride with that of normal alanine. The authors and others 
prepared «-duetero-D:L-alanine( D:L-alanine-2d, CH,CDNH,*CO,~) by the electro- 
lytic reduction of «-isonitrosopropionie acid in deuterium oxide. The infra-red 
absorption spectra of x-deutero and «:N-deutero compounds were compared with 
the calculated data. Those results gave an almost complete assignment of the infra- 


red absorption spectrum of alanine [2]. 

The present paper deals with the infra-red absorption spectra of «:/-tetradeutero- 
L-alanine and perdeutero-L-alanine. The results are in good agreement with what 
we expect from the previous data. 


Experimental 
«:$-Tetradeutero-L-alanine was prepared by treating L-alanine in deuterium 
oxide with alanine-glutamate transaminase extracted from pig heart muscle in the 


presence of necessary cofactors of the reaction. The details of the preparation have 


been described elsewhere [3, 4]. The preparation contained 3-8 atoms of unexchange- 


able deuterium atoms per molecule, indicating that three hydrogen atoms of methyl! 


group and the hydrogen atom of z-position are replaced by deuterium. 


Perdeutero-L-alanine was obtained by freeze-drying a solution of «:/-tetradeutero- 


L-alanine (10 mg) in deuterium oxide (1 ml, 99-7 mole per cent). 


The analysis of deuterium was carried out by a Process and Instrument model 


M-60 mass spectrometer by the method described by one of the authors [5]. 
Infra-red absorption spectra were recorded by a Koken model DS-301 infra-red 

spectrometer with a NaCl prism by the KBr disk method (for z:f-tetradeutero-L- 

alanine) or Nujol and 1:3-hexachlorobutadiene mulls methods. 


* Department of Biophysics and Biochemistry, Faculty of Science, University of Tokyo, Tokyo, 
+ Medical School, Tokyo Medical and Dental University, Tokyo. 


1} K. T. Ontsur, T. and 8S. Mizusuima Spectrochim. Acta 14, 236 (1959). 

S. Suzuki, T. N. K. Fuxusaima, T. Surmanovent and 8S. Mizusnima, Spectro- 
chim. Acta 15, 969 (1959 

3) T. Osurma and N. Tamiya, J. Biochem. (Tokyo) 45, 1675 (1959 

4) T. Osmima and N. Tamiya, Biochem. J. 78, 116 (1961) 

5) N. Tamiya, Anal. Chem. 32, 724 (1960). 
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Fig. 1. Infra-red absorption spectra of normal and deuterated alanines, 


Results and discussion 
The infra-red absorption spectra of the «:f-tetradeutero-L-alanine and the 
perdeutero-L-alanine are shown in Fig. 1 and the wavenumbers of the absorption 
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Infra-red absorption spectra of /-tetradeutero-L-alanine and perdeutero-L-alanine 


peaks are listed in Table 1. The data with normal alanine and «-deutero-pi-alanine, 
which were reported earlier [2], are shown as well for comparison. 

In the wavenumber region 1800 cm~!—-1200 em~', the changes of the spectra 
on deuteration strongly support the assignment for alanine reported earlier [2}. 
Three peaks, wavenumbers 1451 em~! (CH, deg. def.), 1356 em~! (CH, sym. def.) 
and 1308 em~! (CH bend.), disappeared in the case of the tetradeutero-L-alanine, 
and three more peaks, 1623 em~! (NH,* deg. def.), 1534 em! (NH,* sym. def.) and 
1238 em~! (NH,* rock), disappeared in the case of the perdeutero-L-alanine. On 
the other hand only one peak of 1308 em~! (CH bend.) disappeared in the case 
of the a-deutero compound. Two peaks, which were assigned to carboxy! 
group (antisym. str. and sym. str.), remained unchanged with all five kinds 
of deutero-alanines; namely, N-deutero-, z-deutero-, N-deutero-x-deutero-, ~:/- 
tetradeutero- and perdeutero-alanines. As the conclusion, the absorption peaks of 
x:$-tetradeutero- and perdeutero-alanines in this region are reasonably assigned as 
shown in Table 1. 


About the wavenumber region below 1200 cm~', the calculation has not yet 
been made. The peaks of the region about 1200 em~'!—900 em~! will be assigned to 
one skeletal vibration (CCN antisym. str.), two NH,* deformation vibrations and 
three deformation vibrations of CD and CD,, as noted in Table 1. In the lower- 
frequency region, the peaks may be attributed to two skeletal vibrations, two 
rockings of CD, or ND,*, and CO,~ bending. 


Acknowledgements—The authors wish to thank Prof. T. Saimanovucui, Dr. T. TAKENISHI and 
Dr. G. Curmara for their discussions on the assignment of the vibrations. 
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Infra-red spectra of ion-exchangers on polystyrene base 


A. St’rRasHemm K. 
mical Physies Group of the National Chemical and Physical Research Laboratories 
Pretoria, South Africa 


Che 


(Received 14 December 1960) 


infra-red spectra of Amberlite IRA-400, a strong base anion-exchanger, and 
Observed frequencies and 


Abstract The 
Dowex AG-50, a strong acid cation-exchanger, have been studied. 


proposed assignments of the prominent bands are listed. There is good spectroscopical evidence 


that not all the functional groups occupy equivalent positions in the resin. 


Introduction 
1ON-EXCHANGERS are very suited for infra-red studies of complex inorganic ions. 
They offer the advantage that these ions can be studied out of their usual environ- 
ments, i.e. ionic crystals. No elaborate study of the infra-red spectra of strong base 


and strong acid ion-exchangers has as yet been published. 

lon-exchange resins consist of polystyrene chains cross-linked by copolymerization 
SO,H 
groups vields an anion- or a cation-exchanger, respectively. These groups preferably 
occupy the para- and, to a lesser extent, the ortho-positions in the monoalkylated 


of a certain amount of divinylbenzene. Introduction of —-N*(C,H;), or 


benzene rings, thus giving the following structure: 
—CH —CH,- CH -CH.-CH- 
R 


R 
—CH CH,- CH-CH,-CH- 


R 
R 


Experimental 
The spectra were obtained using a Perkin-Elmer model 21 spectrophotometer 
with NaCl optics. Samples were ground to a particle size of less than 20 ~ in 15 min 
Usual grinding techniques failed to yield 


using a liquid-grinding technique [1]. 
As dispersion media, KBr, 


samples which were adequately free from scattering. 
petroleum jelly (commercial Vaseline), or hexachlorobutadiene were used, depending 
on which spectral region was to be studied. 


1} A. Srrasnem and K. Buiss, Spectrochim. Acta 16, 1010 (1960). 
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Infra-red spectra of ion-exchangers on polystyrene base 


Results and discussion 
In Fig. l(a), (b) and (c) are shown the infra-red spectra of Amberlite IRA-400 
(strong base anion-exchanger), Dowex AG-50 (strong acid cation-exchanger) and, 
for comparison, polystyrene. 
It is seen that some bands in the spectra of the ion-exchangers are also found in 
the polystyrene spectrum. This fact facilitates the assignment of the bands consider- 
ably. 


3000 700 


r 


z 
2 
z 
a 


FREQUENCY (cm™) 


Fig. 1. (a) The infra-red spectrum of Amberlite [RA-400. (b) The infra-red spectrum of 
Dowex AG-50. (ce) The infra-red spectrum of Polystyrene (film). 


The observed frequencies and the proposed assignments of the most prominent 
bands of Amberlite IRA-400 and Dowex AG-50 resins are listed in Table 1. 

The assignment of the 3440 and 1630 em~! bands to OH stretching and deforma- 
tion vibrations of water, arises from the fact that the 1630 cm~! band is shown only 
by H,O (two hydrogen atoms attached to one oxygen). This assignment is supported 
by the fact that the intensities of these bands vary with the extent to which the 
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Table 1. Prominent bands in infra-red spectra of Amberlite IRA-400 and 
Dowex AG-50 


IRA-400 AG-50 
(Cl- form) (H+ form) roposed assignment 
3430 3450 OH str. (H,O) 
2995 CH asym. str. [—N*(C,H,), groups] 
2915 2930 CH asym. str. (—-CH,— groups) 
2870 CH sym. str. (—-CH,— groups) 
1628 1631 OH deform. (H,O) 
1615 1604 C—C in-plane (phenyl groups) 
1507* 
1486 1497 ‘<= in-plane (phenyl groups) 
1449 1455 ‘<=C in-plane (phenyl groups) + CH deform. 
(—CH,— and CH, groups) 
1427 CH deform. (—N* CH, groups) 
1417 1416 C—C in-plane (—-CH,C,H,RCH,— groups) 
1385 CH sym. deform. (—CH, groups) 
1219 
1176 
1130 > SO,H groups 
1046 
1009 | 


‘oH groups 
17 
834 CH bend. out-of-plane (p-disubstituted phenyl 196] 
groups) 
776 CH bend. out-of-plane (monosubst. and o-disubst. 
pheny! groups) 
699 CH bend. out-of-plane (monosubst. phenyl! 
groups) ? 
675 SO,H groups 


* No satisfactory assignment could be proposed for these prominent bands. 


samples have been dried. It is obvious that in AG-50, where the 3450 em~' band is 
very strong, there is also a contribution to this band from the OH groups of the 
sulphonic acid groups. The 2995 em~' absorption of IRA-400 originates both from 
the asymmetrical stretching vibrations of the —-CH, groups and the asymmetrical 
stretching vibrations of the —CH,— groups belonging to the —-N*(C,H,), group. 
The frequency of this CH, vibration is higher than normal, due to the electronega- 
tivity of the adjacent nitrogen atom with its positive charge. The skeletal in-plane 
vibrations of the pheny! groups have approximately their usual positions [2]. The 
intensities of these in-plane frequencies vary with the nature of the substituents 
[—N*(C,H,), or —SO,H groups] (see Fig. 1). These bands are also prominent in 
polystyrene. 

The band at 1427 em~! in IRA-400 is assigned to the CH, deformation vibration 
of the —_N*—CH,— group in accordance with the findings of NakANIsui et al. [3] 


2) L. J. Becramy, The Infra-red Spectra of Complex Molecules pp. 69-81. Methuen, London (1958). 


(3) K. Naxanrsat, T. Goro and M. Onasni, Bull. Chem. Soc. Japan 30, 403 (1957). 
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Infra-red spectra of ion-exchangers on polystyrene base 


for a number of amine-hydrochlorides. The assignment of the 1417 cem-! band is 
tentative. This band is not found in the polystyrene spectrum. It evidently does 
not arise from the functional groups, and is most probably connected with the cross- 
links between adjacent polystyrene chains. The mass of a second chain attached to 
a phenyl group no doubt has a lowering effect on the frequency of one or more of 
the skeletal vibrations of that phenyl group. The sulphonic acid bands have been 
assigned according to their intensities and in analogy with bands of other sulphonic 
acids [4]. 

The complexity of the —-SO,H bands arises from the different positions which 
these groups can occupy. Depending on these positions, there are also different 


10 


TRANSMISSION 


wn 


i425 1400 137513501325 1300 1275 
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Fig. 2. Absorption band of nitrate ions attached to Amberlite IRA-400. — Equal 
amounts of NO,~ and SO,?~ attached to the resin. Equal amounts of NO,~ and Cl- 
attached to the resin. 


interactions between the —-SO,H group and the rest of the molecule. The 889 cm~! 
band in IRA-400 is very much weakened if the OH form of the resin is kept at 
80°C for 24 hr. As this treatment causes decomposition of the —N*(C,H,), groups, 
the 889 cm~' band can reasonably be assigned to a skeletal vibration of these groups. 
The out-of-plane CH bending vibrations have been assigned according to the well- 
established correlations given by BELLAmy [2]. 

The 700 em! band of monosubstituted phenyl groups is normally somewhat 
weaker than the 770 cm~' band; from the shape of the former in IRA-400, it can be 
seen that another band is superimposed on it. 


Different positions of the functional groups in Amberlite I RA-400 

The complexity of the sulphonate bands in AG-50, suggests that not all the 
sulphonate groups occupy equivalent positions in the resin. In the case of IRA-400, 
the bands due to the quaternary ammonium groups cannot be used to study this 
phenomenon, as these bands are not as outstanding as the sulphonate bands. 


[4] L. J. Bettamy, The Infra-red Spectra of Complex Molecules p. 364. Methuen, London (1958). 
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Absorption bands, which are, however, very suitable for precise study, are those due 
to complex anions such as nitrates attached to IRA-400, The nitrate ion gives a 
strong and very broad band at about 1360 cm-"', if it is attached to Amberlite IRA- 
400. Part of the nitrate ions attached to the resin, can be replaced by either Cl- or 
SO,2- ions by preparing “double salts”. Equal proportions of NO,~ and Cl~ were 
introduced on to IRA-400 by shaking equal amounts of the resin, saturated with 
Cl- and with NO,~, for 30 min with a little water. In the same way the NO,--SO,’ 
“double salt” was prepared. Before studying the individual mixtures, they were 
dried thoroughly. During the mixing process the ions arrange themselves statistically 
over the sites of the resin, which offer them different amounts of space. 

Fig. 2 shows that the frequency of the NO,~ band around 1360 em~ for the 
resin containing NO,~ together with Cl- ions is 2 em~' lower than the frequency 
for the NO,--SO,> mixture. The average space available for the nitrate ions is 
somewhat larger when chloride ions instead of sulphate ions are present—chloride 
ions being smaller than sulphate ions. The Van der Waals forces, acting on the 
nitrate ions combined with chloride ions, are accordingly weaker than those acting 
on nitrate ions combined with sulphate ions. A weaker Van der Waals interaction 
gives rise to a lower frequency as is also found for complex ions in solid alkali 
halides [5]. The alternative explanation is that different direct interactions with 
chloride and sulphate ions are the reason for the frequency difference. Considering 
the rather large distances between neighbouring ions on the resin, this explanation is 
less probable. 


\. STRASHEIM and K. Br J. Chem Phys In press. 
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A possible infrared intensity standard*+ 


WarRREN C. STEELES and M. Kent WILson 
Chemistry Department, Tufts University, Medford, Massachusetts 


(Received 14 November 1960) 


Abstract—A KBr disk containing magnesium hydroxide, p-cyanobenzene and anthracene is 
proposed as a possible infrared intensity standard. 


A SUITABLE standard intensity sample for infrared spectroscopy should satisfy a 
number of criteria: well-spaced absorption bands of appropriate intensity, ease of 
preparation, long-term chemical and physical stability. Although a number of 
gases provide well-spaced sharp bands, such a sample would be inconvenient for 
many laboratories to handle and the long-term storage characteristics are question- 
able. A liquid sample is perhaps the easiest to prepare, but change of density of the 
sample as well as cell thickness with temperature is a concern. On the other hand, 
a solid sample appears to have only the drawback of its original preparation. 

A very convenient sample would be an appropriately impure optical crystal 
which was non-hygroscopic. Barium fluoride is non-hygroscopic, but its long-wave- 
length cutoff of about twelve microns might cause some inconvenience. Clearly 
KBr or CsBr would make available a wider frequency range if susceptibility to 
water were not objectionable. 

Experimental 

Ideally the impurity which absorbs in the infrared should be incorporated into 
the host material in the molten state. This approach would limit the possibilities 
considerably, for no organic compounds and relatively few inorganic polyatomic 
ions are stable above 600°C. At this temperature most inorganic ions yield oxides 
or oxyanions which have broad, ill-defined bands [1]. The nitrate ion is stable, but 


vields usable absorption only in the 7-4 region. Of the wide variety of salts investi- 
gated, only nitrates are stable at the melting point of potassium bromide. 
The standard sample discussed here was prepared by the pressed-disk tech- 


nique [2-4]. A preliminary report on the early stages of this work has appeared [5]. 
There are numerous examples in the literature of the spectra of a substance being 
different when measured in a KBr matrix from that when observed in paraffin oil 
mull [6]. This should not interfere as long as the disks show long-term stability of 


* Contribution no. 270 from the Department of Chemistry, Tufts University. 
+ Supported in part by grants from the American Petroleum Institute and the Petroleum Research 
Fund. 
+ Presented in part at the symposium entitled A pplication of Infrared Spectroscopy to Special Chemical 
Problems, ACS National Meeting, September 15, 1960. 
§ Present address: Chemistry Department, Harvard University, Cambridge 38, Massachusetts. 
. A. Mrtier and C. H. Wiiktns, Anal. Chem. 24, 1253 (1952). 
. M. Stimson and M. J. O'DONNELL, J. Am. Chem. Soc. 74, 1805 (1952). 
), Scnrept and H. Retnwery, Z. Naturforsch. 76, 270 (1952). 
. A. Forp and G. R. Wiikrnson, J. Sci. Instr. 31, 338 (1954). 
’. C. STEELE and M. K. WiLson, Spectroscopy p. 185, ASTM Special Technical Publication No. 269 
(1960). 
A. W. Baker, J. Phys. Chem. 61, 450 (1957). 
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the spectrum observed. Part of this investigation was concerned with the stability 
of these disks. 

A mixture of magnesium hydroxide, p-cyanobenzene and anthracene in 
potassium bromide appears to meet the criteria referred to previously. The 
concentrations found suitable were: magnesium hydroxide, 0-035 per cent, p-cyano- 


700 900 200 1001200 


- 


Fig. 1. Infrared spectrum of a KBr pressed disk containing Mg(OH),, p-dicyanobenzene 
and anthracene 


benzene, 0-10 per cent, and anthracene 0-02 per cent. The anthracene and p-di- 
cyanobenzene were purified by sublimation. Magnesium hydroxide was prepared 
from a magnesium chloride solution by addition of ammonia water. The freshly 
precipitated Mg(OH), was dried at 200°C in a vacuum oven, to remove as much 
water as possible. It is difficult to remove water from wet Mg(OH), after it has been 
incorporated into a disk. After weighing, the mixture is ground in an automatic 
mortar and pestle for 3 hr. One-gram samples were then ground in a vibrating 
ball mill for 20 min each. The disk was pressed at 16,000 Ib/in*® in an evacuable 
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A possible infrared intensity standard 


die for 10 min and stored overnight at 150°C in vacuum oven. The disk is returned 
to the press and re-pressed at 16,000 lb/in? for 20 min. The edges of the disk are 
ground with sandpaper to facilitate insertion of the disk into the barrel of the 
press. The disk can be ground to a predetermined weight at this step. 

The spectrum as illustrated in Fig. 1 has peaks at 2-7, 4-5, 6-6, 7-2, 7-8, 8-3, 11-3 
and 13-8 « showing usable intensity at the suggested concentrations. 


Discussion 
Table 1 compares the optical density per unit disk weight obtained from three 
representative disks. The spectra were obtained on a Perkin-Elmer model 21 
infrared spectrophotometer. The instrument was rebalanced at each new wave- 
length. Each peak was recorded at very slow scan at a constant slit width. The 


Table 1. Optical density per unit disk weight for several disks at various 
absorption peaks 


Disk no. Disk wt. (g) Log (I9/1)/(disk wt.) 

6-6 78 11-3 13-8 
O-716 0-290 0-491 0-625 0-580 
0-285 0-499 0-623 0-578 
0-662 5 0-284 0-503 0-623 0-581 


value of the slit width at each absorption band was that which corresponded to the 
slit program of 984 in the Perkin-Elmer manual. The figures quoted in Table | 
represent the average of two scans for each peak. The agreement between disks 


is as good as the agreement between scans on one peak. The peaks are quite sharp 
and the apparent optical density and half width are governed by the spectral slit 
width. Storage of disks at 50° for 8 months resulted in no systematic change in the 


observed spectra. The differences noted were random in nature and were within 
the figures obtained on successive scans. We feel, therefore, that there is no 
systematic variation with time. 

It is felt that the solid sample described here meets most of the criteria of a 
useful intensity sample. The hygroscopic nature of KBr is a nuisance, but not a 
serious one in our experience. It appears to be perfectly possible to prepare a large 
batch of samples of identical composition and weight and, hence, infrared spectral 
properties. 

Acknowledgment —We wish to thank Dr.vaAN ZANDT WILLiaMs of the Perkin-Elmer Corporation 
for the loan of the model 21 spectrophotometer used in this work. 
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Characteristic frequencies of alkyldiboranes* 


Water J. LenmMann and I. SHarirro 
Chemistry Department, Hughes Tool Company \ireraft) Division 


Culver City, California 


(Received 14 November 1960) 


Abstract—Over-all features of the infrared spectra of the various methyl- and ethyl-diboranes 
(and their '’B-enriched and deuterated variants) are examined and correlated. Special emphasis 
is placed on characteristic group frequencies which are of analytical interest. The general 
consistency of the present correlation supports previous frequency assignments and allows 


several new assignments to be made 


Introduction 
IN a prior series of papers [1-5] we have analyzed in detail the infrared spectra of 
the various methyl- and ethyl-diboranes. To facilitate this task, we prepared 
'B-enriched, boron-deuterated, carbon-deuterated and perdeuterated variants in 
addition to the isotopically normal compounds—a total of forty out of fifty possible 
species. These previous papers contain photographic reproductions of our spectra 
and tabulations of observed frequencies, together with our assignments. 

In the present article, we examine the over-all trends in frequencies and inten- 
sities and present the results in a manner designed to facilitate future reference. 
Special emphasis is placed on the more persistent and characteristic spectral 
features which might be of interest to the analytical chemist. 


Preparation and stabilities 


Although all alkyldiboranes may be prepared by the interaction of diborane and 


trimethylborane in various ratios, followed by fractionation, some of these com- 


pounds are more easily obtained by other techniques. For instance, 1:2-dialkyl- 
diborane is best formed by disproportionation of monoalkyldiborane: 


2 — (RBH,),+ + B,H, 


On the other hand, |:1-dialkyldiborane is prepared by the interaction of trialkyl- 
borane and diborane and is then separated from 1:2-dialkyldiborane by reversal of 
the above equilibrium: The 1:2-compounds form monoalkyldiborane, which is then 
removed easily. 

Alkyldiboranes are fairly stable with respect to decomposition: The tri-, tetra- 
and 1:2-dialkyldiboranes evolve no hydrogen even on prolonged standing [3, 5]; 


* Presented in part at the Symposium on Molecular Structure and Spectroscopy, Columbus, Ohio, 
June 1960 

+ We use the formula (RBH,), to distinguish 1:2-dimethyldiborane from 1:1-dimethyldiborane, 
R,B,H, 


sEHMANN, Witsown, Jr. and I. Suario, J. Chem. . 82, 1088 (1960). 
HMANN, Witson, Jr. and I. Suapiro, J. Chem 32, 1786 (1960). 
HMANN, Witson, Jr. and 1. J. Chem ys. 33, 590 (1960). 
HMANN, Witson, Jr. and I. J. Chem. 34, 476 (1961). 
SHMANN, C . WILSON, and I. J. Chem In press (1961). 
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the mono- and 1:1-dialkyldiboranes yield hydrogen slowly accompanied by forma- 
tion of solid polymers. The decomposition of the latter two compounds, both of 
which contain BH, groups, apparently stems from the degradation of diborane 
which is formed by rearrangement (see the following). 

All alkyldiboranes except 1:2-dialkyldiboranes disproportionate readily to form 
other alkyldiboranes or trialkylboranes, and diborane in some cases. These 
disproportionation reactions are perhaps most simply envisioned as proceeding by 
two types of mechanism: (1) cleavage of BH,B bridges and recombinations to 
form such bridges, and (2) disproportionation of alkylborane radicals. The 
cleavage-and-recombination type of reaction occurs readily as evidenced by the 
appearance within minutes to a few hours of diborane and/or 1|:2-dialkyldiboranes 
in the spectra of mono-, 1:1-di- and trialkyldiboranes [1, 4, 5}. 

The second type of reaction is a transfer of alkyl groups between boron atoms: 
i.e. it involves rupture of B—C bonds. This migration of alkyl groups probably 
takes place via a transitory hydrogen—alkyl bridge —B(HR)B— and apparently 
does not occur when such a bridge cannot be formed. For instance, it has been 
shown [6] by means of C-labeled trimethylborane that alkyl groups are not 
transferred in pure trialkylboranes. 

In the following sections we discuss the various characteristic frequencies of the 
constituent groups of the alkyldiboranes. 


The B—H terminal stretching vibrations 

In general, there is very little coupling across the hydrogen bridge, analogous 
to the very slight coupling across the double bond in ethylenes [7-10]. For example, 
we observe [3] almost identical B—H (single) frequencies in the ordinary 1:2-di- 
alkyldiboranes and the almost totally deuterated species with only one terminal 
protium. 

The BH, stretching frequencies are lowered by ca. 10-15 em~ for each alkyl 
group substituted on the other side of the bridge (see Table 1). Likewise, the B—H 
(single) stretching frequencies (see Table 2) are lowered by about 15 em~ for each 
alkyl substituted on the far side; but when an alkyl group and a hydrogen atom 
are attached to the same boron atom, the B—H frequency is lowered by an average 
of ca. 25 em~!. (See Table 3 for a listing of all our observed B—H stretching fre- 
quencies.) {11-13}. Similar trends are observed for BD, and BD frequencies 
(see Table 4), where the decrease amounts to only about 5 em~ for far-side substi- 
tution, and to ca. 20 em~' for adjacent alkyls. 

All observed B—H stretching bands are of medium-—strong to strong peak- 
intensity, varying from 300 to 600 units on our scale (10° log,, 7,// divided by cell 


length in centimeters and pressure in millimeters of mercury). Ethyldiborane 


6) B. C. Totus, R. Scuarrrer and H. J. Svec, J. Inorg. & Nuclear Chem. 4, 273 (1957). 
(7) N. Sueprarp and D. M. Simpson, Quart. Revs. (London) 6, 1 (1952). 
(8) B. L. Crawrorp, Jr., J. E. LANcas rer and R. G. Inskeep, J. Chem. Phys. 21, 678 (1953). 
(9) L. J. Betnamy, The Infrared Spectra of Complex Molecules, John Wiley, New York (1958). 
10) E. G. Horrmann, Ann. Chem. Liebigs 618, 276 (1958). 
{11} R. C. Lorp and E. Nrevsen, J. Chem. Phys. 19, 1 (1951). 
{12} R. C. Tayior and A. R. Emery, Spectrochim. Acta 10, 419 (1958). 
{13} W. J. Lenmany, J. F. Drrrer and I, Saapiro, J. Chem. Phys. 29, 1248 (1958). 
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Table 1. Effect of alkyl substitution on BH, 
stretching frequencies (em!) 


H H 
Molecule 


2525 (1) 2612 (1) 


2532 (R) 2600 (R) 


Table 2. Effect of alkyl substitution on B—H (single) stretching frequencies (em™~!) 


D D Me D D Me 


D Me 


2506 


absorptions are slightly more intense than those of methyls, and carbon deuteration 
results in perhaps 30-50 per cent reduction of peak intensities. B—D stretching 


bands are about half as intense as the above and are less sensitive to carbon- 
deuteration. 


H H 
H H 
H H | 
D H 
2525 2591 
H H 
& 
Me 
2513 2571 
H H 
| Me H 
2494 2571 7 
Me H 1961 
<a 
) 
~2565 2565 2540 2532 
o Me Me Me Me 
2519 
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Table 3. B—H terminal stretching frequencies* (em) 


Compound BH, sym. B--H (single) BH, asym. 


2625t 
2640f 
2612+ 
2600t 


MBH, 


te bo te 
or or or 


§ 


mw te 


bo bo 

og 

++ ++ 


CH,!B,H, 
CH,B,H, 
CH,B,D,H 
CD,B,H, 
CD,B,D,H 


C,H,!°B,H, 
C,H,B,H, 
C,H,B,D,H 
C,D,B,H, 
C,D,B,D,H 


(CH,!°BH,), 
(CH,BH,), 
(CH,BHD)(CH,BD,) 


(C,H,!°BH,), 

(C,H, BH,), 

(C,H ,BHD)(C,H,BD,) 
(C,D,BH,), 
(C,D,BHD)(C,D,BD,) 


(CH,),'°B,H, 
(CH;),B,H, 
(CH ),B,D,H 
(CD,),B,H, 
(CD 


(CgH;),'°B,H, 
(C,H,;),B,H, 
(C,H,;),.B,D,H 
(C.D,) 
(C,D;),B,D,H 


(CH,),'°B,H, 
(CH 3),B,H, 
(CH,),B,D,H 


(C,H,),!B,H, 
(C,H,),ByH, 
(C,H,),B,D,H 


* Except where indicated, references are [1—5}. 
+ Lorp and NIELsEN [11]. 
* Taytor and Emery [12]. 


§ LEHMANN et al. [13] 


| 
| 
~2565 2591 
- 2565 — 
2519 ? 2584 : 
2513 ? 2571 
2540 
2513 ? 2571 
2532 
2525 ? 2604 
2519 ? 2597 
2550 
2512 ? 2584 
— 2550 
— 2519 _ 
2519 — 
OL. 2512 
17 
96] 2512 — 
2506 
2506 
2512 
2519 
2500 2577 
2494 - 2571 
2532 
2488 2571 
2525 
2512 2591 
2506 2577 
2532 
2506 2577 
2538 
2506 
2506 
2506 
- 2512 
2500 
2481 
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Table 4. B—D terminal stretching frequencies* (em 


Compound 


BD, sym. B—D (single) BD, asym. 


/1840F 
11860 11968t 
B,D;H ~1850 1910 ~1980 

) ~1908 


ISS87 


CD,B,D, 1852 ~ 1890 1968 
C,H,B,D, 1859 1972 
C,D,B,D, 1859 ~ 1887 1968 


(CH,BD,), 1880 
(CSH,BD,), 1876 
(C,D,BD,), 1883 


(CH,),B,D, 


(CD 1842 1953 
1845 1957 
1953 


(CH3),B,D, 


Except where indicated, references are | 1—5}. 
Lorp and {11}. 

TaYLor and Emery |12). 

LEHMANN et al. [13 


+> 


The bridge-stretching frequencies 

The four bridge-stretching vibrational modes are pictured in the first paper of 
the series [1]. The most intense absorption in all spectra is caused by what we 
describe as the asymmetric in-phase vibration. The B—H’* band is found at 
1580-1610 em-'in most alkyldiboranes and in diborane itself; only the 1:1-dialkyl- 
diboranes deviate from this range—1540—-1555 em~! (see Table 5)[{14]. The corre- 
sponding B—D’ bands are observed in the 1180-1200 em~! region for all but the 
tri- and tetra-ethyldiboranes (1166 em~') and the 1:1-dialkyldiboranes 
(1152-1167 em~'). These intense bridge-stretching bands, occurring in only 
narrow ranges, are the simplest way of identifying compounds with the diborane- 
like bridge [13, 15, 16). 

The intensity of the B—H’ band is lowered by substitution of heavy terminal 
groups; i.e. ethyldiboranes and carbon-deuterated compounds have somewhat less 
intense bridge bands than the ordinary methyldiboranes. The corresponding 
B—D’ bands generally are considerably less intense and are only slightly lower 
in the ethyl than in the methyl compounds; the frequencies are slightly raised 
by deuteration of the ethyl groups, but are unchanged by deuteration of the 


methyls. 


* We use primes to distinguish bridge hydrogens from terminal hydrogens, 
14) W. J. Lenmann and J. F. Drrrer, J. Chem. Phys. 31, 549 (1959). 

15! I. Suaprro, C. O. Wirson, Jr and W. J. Lenmann, J. Chem. Phys. 29, 237 (1958). 
(16) D. E. Mann, J. Chem. Phys. 22, 70 (1954). 
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Table 5. The B—H’ (bridge-stretching) frequencies 


Symmetric Asymmetric 


Compound 


In-phase Out-of-phase Out-of-phase Single * In-phase 
MBH, 2110¢ 1920 § 1768+ 
2109+ 1755+ 1602+ 
B,H,D 2128tt ~1900** ~1760** ~1710** 1606** 
CH,'°B,H, 2105 1930 ~1800 1595 
CH,B,H, ~2110 1919 1779 1658 1592 
CD,B,H, 2114 1905 1779 1653 1587 


~2120 1934 1786 1599 
C,H,B,H, 2114 1923 1767 1658 1593 
C,D,B,H, 2119 1916 1792 1658 1592 


(CH,'°BH,), 2137 1955 1792? 1615 
(CH,BH,), 2137 1949 ~1780? 1653 1610 


(C,H,°BH,), ~2137 1927 1764 1595 


(C,H. BH,), 2137 1916 1760 1658 1595 
(C,D,BH,), 2128 ~1905 1786 1661 1600 
2/2 


(CHg),'°B,H, 2101 1992 1789 1555 
(CH,),B,H, 2096 1985 1764 1600 1546 
(CD ),B,H, 2105 1975 ~1745 1595 1548 


(C,H,).!B,H, 2086 1965 1733 1548 
(C,H,;).B,H, 2079 1957 1718 1605 1543 


(C,D,).B ~2083 1953 1715 1592 1538 


(CH,),'°B,H, 2123 1898 1748 1608 
(CH,),B,H, 2119 1880 1730 1634 1605 


(C,H,),'°B,H, 2119 1859 or 1934? 1718 1590 
(C,H,),B,H, 2115 1852 or 19307 1709 1610 1582 


(CH,),!°B,H, inact. 1976? inact. 1608 
3/4 atte 


(CH,),B,H, 2137}% 1972? inact. 1637 1605 


(C,H,),)°B,H, 1582 
(C,H,),B,H, 1610 1582 


In partially deuterated derivatives. 
Raman spectrum, TayLor and Emery 
Lorp and Nrevsen [11]. 
§ Corrected for presumed shift due to Fermi resonance. 
** LeHMANN et al. [13] 
LeuMANN and Dirrer {14}. 


+ 


+P ctr 5. 22 
From Raman spectrum [5, 22}. 


The other asymmetric bridge-stretching vibration is expected to yield only weak 
infrared bands, since it does not involve much dipole-moment change. It appears in 
the Raman spectrum [12] of B,H, and B,D, at 1755 and 1287 em~', respectively 
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(after correction for Fermi-resonance shifts). Thus we have assigned to this vibra- 
tion the weak bands at 1710-1800 and perhaps 1240-1340 em~? in the infrared 
spectra of the alkyldiboranes. As expected from the asymmetry, these bands 
exhibit somewhat increased intensity in the 1:1-dialkyldiboranes. 

In a partially deuterated bridge, B(HD)'B, the former in-phase and out-of-phase 
asymmetric vibrations will collapse into single asymmetric B—H’ and B—D’ 
vibrations, with new intermediate frequencies. In bridge-substituted B,H,D and 
B,D,H the B—H’' vibrations have been assigned [13] to 1710 and 1700 em“, 
respectively (average for B,H, equals 1679 em~), and the B—D’ vibrations to 
1252 and 1232 em~! (average for B,D, equals 1243 cm~'). In the partially deuter- 
ated alkyldiboranes, the absorptions in the 1610-1660 em~ region (1590-1600 em~ 
for 1:1-dialkyldiboranes) were found to vary with protium content and have 
accordingly been assigned to the B—H’ (single) vibration. The corresponding 
B—D’ bands are probably masked by the intense B—D’ asymmetric in-phase 
absorptions. 

The in-phase symmetric B—H’' and B—D’ vibrations are found as weak bands 
at 2110-2140 and 1500-1530 em~ for most of the diboranes [14], but the 1:1-di- 
alkyldiboranes again have lower B—H’ frequencies (2080-2100 cm~', medium 
intensity). 

The fairly weak out-of-phase symmetric B—H’' and B—D’ frequencies seem to 
be more variable : 1850-1990 and 1430-1465 em, respectively. 


The BH, and BH in-plane bending modes 

In diborane, the BH, “‘scissors’’ deformations, like the stretching, seem to be 
only slightly coupled across the bridge bond. The in-phase and out-of-phase 
frequencies in B,H, are 1184 (Raman) and 1177 em~ (1180 + 4), and 912 (Raman) 
and 876 em= (894 + 18) in B,D, [11-13]. [It is no great surprise that the BH,B 
bridge results in less coupling than the double bond in ethylene, where the corre- 
sponding deformation frequencies [8] are 1342 (Raman) and 1444 em~! (1393 + 51) 
for CH,, and 981 (Raman) and 1078 em~ (1030 52) for CD,. Also, note that in- 
phase frequencies are the lower ones in ethylene. | 

Isotopic substitution on the other side of the bridge leaves the deformation 
frequencies unshifted [13]: 1178 em~! in B,H,D and 898 em~ in B,D,H. Even 
alkyl substitution has only a small effect, yielding quite characteristic bands 
(often having A-type contours) in the 1140-1170 em~ range for BH,, and at ca. 


880 cm! for BD, (see Table 6). (The abnormally low observed value of 852 em! 


in Et,B,D, is easily explained as due to resonance with the C—C stretching mode 
at the rather high value of 927 cm~ [4].) 

The ethyl derivatives exhibit slightly higher BH, (but not BD,) frequencies. 
Carbon-deuteration results in slightly higher BH, frequencies in both monomethyl- 
and monoethyl-diboranes. 

Intensities vary from ca. 300-600 scale units for BH,, and are generally less 
than half of that for BD,. 

The BH in-plane bending modes of the alkyldiboranes (see Table 6) are some- 
what more variable in frequency (perhaps 1110-1180 em~! for BH, and 990-1060 
em~! for BD) than the scissors deformations. Their exact determination is often 
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Table 6. BH, and BH bending frequencies 


In-plane modes Out-of-plane modes 
BH, deformation BH bending BH, wagging BH bending 
977* 
3.10 
\L186+ \1044* 
)1177* | 973* 
11035* 
B,H,D 1178t L079% 1007 
B,D.H 1073t ~900t 
CH,B,!°H, ~1150 ~1150 951 913 
CH,B,H, ~1140 ~1140 946 901 
CD,B,H, ~1165 ~1165 ~923 909 
C,H,!°B,H, 1160 1135 ~930 ~917 
C,H,B,H, ~1156 ~1124 ~930 ~913 
C,D,B,H, ~1179 ~1179 or 11437 ~940 ~9008 
(CH,'°BH,), 1152 ~919 
(CH,BH,), 1143 and 11297 ~910 
(CH,BHD)(CH,BD,) ~1124 
OL. (C,H,!°BH,), 1122 915 
17 (C,H, BH,), 1112 910 


96] (C,H ,BHD)(C,H,BD,) ~1115 ~900** 
(C,D,BH,), 1178 and 1136? - 


(CH,),B,"°H, 
(CH,),B,H, 
(CD,),B,H, 


(CH,),B,°H, 
(CH,),B,H, 


(C,H;),B,!°H, 
(C,H,),B,H, 


* Lorp and NIecseEn [11]. 

+ Taytor and Emery [12}. 

LEHMANN et al. [13] 

§ Corrected for interaction with C-——C stretch, from observed value of 933 em-!. 
** Corrected for interaction with C—C stretch, from observed 920 em-?. 


difficult owing to overlap with other bands. Nevertheless, we feel that our assign- 
ments are internally consistent. 


BH, and BH (out-of-plane) wagging 


The wagging modes yield characteristic infrared bands of medium intensity 
(generally having C-type contours) in fairly narrow ranges—930 + 10 cem— for BH,, 
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and 682 — 14cm =! for BD,. Some ofthe BH frequency values are slightly uncertain 
due to overlap with other bands. (The corresponding bands in B,H,D and B,D;H 
were reported [13] at 1007 or 941, and at 730 cm~'!, respectively.) (See Table 6.) 

The BH (single) out-of-plane bending modes are mostly assigned to the 900-920 
em! region. In this region there is considerable overlap with other bands. Our 
assignment of the BD modes to the 750-850 em~! region is of tentative nature. 


Internal vibrations of the methyl groups 
As has been pointed out in the previous papers [1, 3-5], the vibrational fre- 
quencies of the internal motions of the methyl groups in methyldiboranes should be 
quite similar and are not expected to differ very much from similar frequencies in 
trimethylborane [17-20] (see Tables 7 and 8). In general, they are not greatly 


affected by '°B-substitution or boron-deuteration. 


lable 7. Vibrational frequencies of CH, groups (em™~*) 


Methyldiboranes* Trimethylboranet Alkanes{ 


29050 10 2085 (1) 10 
2975 (R) 
2850 10 2930 (1) 
2880 (R) 
1435 ~1460 (1) 
14458 ~1430 (R 
~1322 7 1306 (1) 
1295 
935-—-S80** 970 ~SO0 
~S60 (R 
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ot Me, 
ves of 899 and 807 cm™', in Me, B,D, and Me, B,D 


le tal odes 


Infrared vibrational fre quencies of CD, groups (cm 


Mi thvidiboranes* Trimethy lboranest 


You! "cp 


2212 5 3: 2230 34 
~2140 3: 2185 34 
~ 1040 : 1070 36 
~ LOO 

: 1018 28 


only 


= Vibration 
Uj 
H stretch. svm 
{ H, deformation 
H, leformation svn 
* Infrared except whe ndicated 
‘ 
Raman spectrum 
He amy. Chapter I1/9 
** By ptionally low val 
Probal in-plane 
Strong interactions with 
Vibrat on 
D atretch ew 
io CD, deformation asym 
a 
CD, deformation sym 
king 
* Mor und 1: 
LEUMANN ef Is 
404 


Characteristic frequencies of alkyldiboranes 


Band intensities generally are approximately proportional to the number of 
methyl groups present. Of special analytical interest is the persistent medium-to- 


strong band at 1320 cem~ (caused by the CH, symmetric “umbrella” deformation), 


whose frequency is quite distinct from those in trimethylborane (1306 em-) and 
alkanes (1375 em~!). When a B(CH,), grouping is present, the band apparently is 
split into a doublet, analogous to the case of branched-chain alkanes {9}. 


Although the methyl rocking modes strictly speaking are not “‘internal’’ 


motions, they are included under this heading in view of their general consistency. 


We have assigned weak-to-medium bands in the 935-980 cm~! region of all the 


CH,-diboranes to this rocking [with the unexplained exception of ca. 898 em= in 
(CH;),B,D, and (CH,),B,D,). 
In diboranes containing more than one methyl group, we have assigned a 


second band, in the 1000-1080 region (1017-1067 for the isotopically 


normal compounds). More than the other “internal”’ frequencies, this one is 
affected by '°B-substitution (ca. 14 em— increase) and boron-deuteration (10-15 
em! decrease, halved intensity) and seems to be slightly lowered by increased 
alkylation. 

In (CH;),B,D, there is a ca. 20 cm~ increase to 1075 em—, from 1055 em-! in 


(CH;),;B,H;. We have ascribed this to interaction (causing a mutual shift of ca. 
30 cm~') with the BD in-plane bending mode, expected at ca. 1030 em-' but 


observed at 998 em. In view of symmetry considerations, this means that 


these ca. 1050 em~! rocking modes are in-plane motions (i.e. in the C,B, plane). 


Internal vibrations of the ethyl groups 
As was the case for the methyl groups, we find that the internal vibrations of the 
ethyl groups in the ethyldiboranes and triethylborane 


18, 21] are quite similar 


(see Tables 9 and 10). As expected, they are fairly independent of !°B-substitution 


and boron-deuteration, and intensities are approximately proportional to the 


number of ethyl groups present. 


The medium-to-strong bands near 1290 em~!, assigned to CH, wagging and/or 


twisting. are quite characteristic of ethyldiboranes. In a previous publication [18] 


we have discussed this assignment in greater detail and made comparisons with 


other compounds. 


The C—C stretching modes have generally been assigned to the 905-943 em— 


region (where exact frequency-determination is difficult due to overlap with other 


bands). Carbon-deuteration lowers most of these frequencies to 880 4 em 
Two exceptions, namely the lowering to 845 em~ in C,D;B,H,; and to 866 em- 
in (C,D,BH,),, can be explained as due to interaction with BH out-of-plane 


bending modes. Checking back we do find that the values for the BH out-of plane 


bending modes in these compounds are higher than anticipated by ca. 30 em=! 


and 15 or 20 em~!, respectively. These interaction “corrections” attest to the 


W. J. Lenumann, C. O. Witson, Jr. and I. Suapiro, J. Chem. Phys. 28, 777 (1958). 
18] W. J. Lenmann, C. O. Witson, Jr. and I. SHaprro, J. Chem. PI ys. 31, 1071 (1959). 

J. and H. J. Becuer, Z. anora. u aligem. Chem. 268, 1 (1952 

20) L. A. Woopwarp, J. R. Haty, R. N. Dexon and N. SHEPPARD, Spectrochim. Acta 15, 249 (1959). 
ea | W. J. Lenn ann, C. O. Witsown, Jr and I SHaprro, J. Che m. Phys. 28, 78! (1958). 
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Table 9. Vibrational frequencies of C,H, groups (em 1) 


Vibration Ethyldiboranes Triethy!borane* 
stretch. asym ~ 2060 2967 
stretch. asym ~ 2925 2933 
stretch. sym 
stretch. svm ~2845 
def asym i | ~1470 1471 
def. } | ~1435 1449 
def. sym. ~ 1390 LOF 1391 

1291 + 1325 

2 Wag. and/or twist. | 1245 1290 
1044-72§ 1022 
; | 1015-24** | ~975 
‘ stretching 905-9437 919 


, rocking 755-826? 779 


LEHMANN et al. {18, 21) 

Slightly higher in monoethyldiboranes (1420, 1414, 1404). 
Exceptions: 1302 in Et!*B,H,, 1310 in Et,’°B,H,, 1302 in Et,B,H,. 

Lower in triethyldiboranes (1026, 1024, 1033). 

* Exceptions: triethyldiboranes (988, 985, 985) and tetraethyldiboranes (980). 
+ Except Et,'°B,H, (896) and Et,B,H, (881). 


Table 10. Vibrational frequencies of C,D, groups (em™') 


Ethyldiboranes* Triethylborane 


Vibration 

Yeu! "ep (em™?) 
1-33 2220 
1-39 2080 
D, asym. and CD, def. L060 ” ~1-38 | 1060 


D stretch. asym 
D stretch. sym. 


20+ 1-08 1238 
945 
935-65 
| 


'D, wag. and/or twist 1215 
rocking 


C stretching ~S880 + 4f 
'D, rocking 740-790 


* No data for tri- and tetra-ethvidiboranes. 


+ 4:1 Diethvidiboranes only 
In C,D,B,H, and (C,D,BH,),. interaction with BH out-of-plane bending lowers 


+ 


* Exceptions 
frequencies to 546 ind 866 cm~', resp 
internal consistency of our assignment scheme. Futhermore, the fact that BH 
out-of plane bending interacts with C—C stretching indicates that the C—C bond 


does not lie in the BBH plane in mono- and 1:2-diethyldiboranes. 


The B—C stretching frequencies 


Relatively little difficulty was encountered in assigning the asymmetric and 


symmetric stretching frequencies of the BC, groups. 

In the three sets of compounds containing the Me,B grouping—1:1-di-, tri- 
and tetra-methyldiboranes—the BC, asymmetric stretching frequency, generally 
in the 1100-1150 em~ range (see Table 11), could usually be identified as a fairly 
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Characteristic frequencies of alkyldiboranes 


strong band by its large '°B-isotope shift (ca. 30 em~'). In the boron-deuterated 
compounds, this band is partially overlapped by the very strong B—D’ bridge- 
stretching absorption, especially in the 1:1-dimethyldiboranes where this latter 
frequency has a particularly low value. As may be expected, boron-deuteration 
and carbon-deuteration cause slight reductions of the BC, frequency. 


Table Ll. BC, stretching frequencies in methyldiboranes and trimethylborane (em!) 


Asymmetric Symmetric Average 


(CH,),'°B,H, ~1157 837 ~997 


(CH ),B,H, 1126 829 978 
(CH,),B,D, ~1125 82] ~973 
(CD,), BH, 1093 794 944 
(CD 3),B,D, 1110 770 940 


1174 813 994 
(CH,),B,H, ~1147 810 ~979 
(CH,),B,D, 1120 813 967 


(CH,),’°B,H, 1139 777 


111 772 942} 
(( H,), BH, S447 957§ 
(CH,),B,D, 1096 770 933% 


(CH,),)°B 1185** 6757+ 
(CH,),B 1156** 675+ 996tt 
1237** 

(CD,),B 1205** 


* From Raman spectrum [5, 22}. 
+ From Raman spectrum [5, 22} 
+ Average obtained from infrared bands only; not comparable to other values in this column. 
§ Average of all four frequencies. 

** LEHMANN et al. {17, 18] 

From Raman spectrum [17-20]. 

** Weighted average. 


average, 808 em~'. 


The medium-intensity symmetric BC, stretching bands are recognized in part 
by their A-type contours and their smaller !°B-isotope shifts (3-8 em-"). Most of 
the deuterated compounds exhibit the expected frequency reduction. 


In the isotopically normal 1:1-di- and tri-methyldiboranes, the frequencies are 
829 and 810 cm, respectively, but in the infrared spectrum of tetramethyldiborane, 
the BC, band appears at the relatively low value of 772 cm~!. However, this latter 


band represents only one of the two symmetric stretchinigs (see Fig. 3 of [5]), 


namely the symmetric out-of-phase mode. The other, the totally symmetric 
stretching. is evident as a Raman [5, 22] line at 844 cm~', and the average of these 
two values, 808 cm~', is near that found for the other methyldiboranes. 


In previous papers of the alkyldiborane series we have not been able to arrive at 


unambiguous assignments for the B—C, stretching mode in mono-. 1:2-di- and 
1 


B. Rice, J. M. Gonzacez Barrepo and T. F. Youne, J. Am. Chem. Soc. 73, 2306 (1951): B. Rice, 
T. F. Youne and J. M. Gowzatez Barrepo, Anales real. soc. espan. fis. y quim. (Madrid) B 48, 191 


1952) 
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2. Selected boron—methyl stretching frequencies (cm 


1) 


Compound 


MeBCl, 
Me,B,0, 


Me,B,H, 
Me,B,H, 
Me,BOH 
Me,B,H, 
»BNHMe 
,BNHC,H, 
..BNMe, 


"3 


> 


Me,BNH, 


3 


Svimmetric 


l l 


S10 
829 
718 
SOSS 
705 
715 
686 
709 
645 


Hao 


Asy mimetric 


918F 


1147 
1126 
1204 


1106 


1187 
1152 
1175 
1119 
1162 


1156 
1105 


Mean 


1010 


979 
978 
961 
957 
946 
934 
930 
914 


996% 


9627 


Reference 


[26] 


present work 
present work 
[28] 
present work 
[29] 
{31} 
{| 29) 


[29] 


* See [27 


+ An out-of-phase mode of the three B 


23 


Weighted average. 


§ Average of in-phase and out-of-phase frequencies. 


Table 13 


C, groups. From unpublished work by W. J. 


BC, stretching frequencies in ethyldiboranes and triethylborane (cm~') 


Compound 


(C,H,).!B,H, 


(C,H,),'"B,H, 
(C,H,),B,H, 
C,H;),B,), 


(C,H,)°B,H, 


C,H,),'°B 
C,H,),B 
C,D,),)°B 
(C,D,),B 


Asvinmetric 


1136 
1114 
1101 
1111 


1082 
L072 


1081 


1131 
1109 
1105 


1134* 
1120* 
1135* 
1111* 


Syvrmmetric 


LEHMANN; 


Average 


930 
911 
913 


O76 
462 


959 


* LEHMANN et a Is, 21 
Fro: Rarmar 
* Weighted average. 


spectrum 


tri-methyldiboranes. In retrospect now, by use of our “Average Rule” 
can arrive at some tentative conclusions. 
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The last column of Table 11 lists the averages of the asymmetric and symmetric 
frequencies—968 + 11 em~!—for the three isotopically normal methyldiboranes. 
These values compare favorably with 996 cm~ for trimethylborane,* obtained as 
the weighted average of the doubly degenerate BC, asymmetric stretching mode 
at [17,18] 1156 em~! and the Raman-active symmetric mode at [17, 19, 20] 675 em~!. 

Our Average Rule would now cause us to look for the B—C, frequency in the 
vicinity of 970 em~'. Re-examination of this region of our spectra [1, 3-5] reveals 
generally complex-shaped bands, which we have assigned to CH, rocking, CD, 
deformation, and BH and BH, bending modes. It is quite possible that these 
bands do include B—C, absorptions. 

Table 12 lists boron—methy! stretching frequencies in a series of selected Me,B. 
Me,B and Me,B compounds [17-19, 26-31]. Most of the frequency averages are 
in the 970 + 40 cm~! range. 

The B—C vibrations of the ethyl derivatives (see Table 13) parallel those of the 
methyl compounds, but the asymmetric frequencies are slightly lowered. In Et,B 
|18, 21, 32], the weighted average of the BC, frequencies is 953 cm~ (vs. 996 for 
Me,B). In isotopically normal 1:1-di- and tri-ethyldiboranes, the averages of the 
asymmetric and symmetric frequencies amount to 930 and 955 em-", respectively 
(vs. 978 em~' in the corresponding methyldiboranes). Table 13 lists 962 em~ as the 
average of the infrared-active vibrations in tetraethyldiborane, namely 1109 and 
814 cm~'; we suspect that the two Raman frequencies are not greatly different. 


B—B stretching frequencies 
Table 14 lists the frequencies of B—B stretching across the double-hydrogen 
bridge in a series of diboranes. On the basis of this table, we would expect this 
vibration to occur in monomethyldiborane in the 750-800 em~! range, but no 
bands are observed there [1]. In trialkyldiboranes [5], this absorption is expected 
beyond the range of our recorded spectra, probably in the 550-600 em~ region. 
The spectrum of (CH,BD,), is probably not sufficiently strong [3] to reveal the 
B—B absorption, which from the present correlation we estimate to be ca. 720 em~!. 
We did not previously assign B—B frequencies for 1:1-dialkyldiboranes. From 
the frequencies of diborane and tetramethyldiborane, the Average Rule [24, 25] 
would predict a frequency of ca. 660 em~! in 1:1-dimethyldiborane. Hence, the 
absorption observed at the right limit of our chart [4], probably having its maxi- 
mum near 630 cm~', is a reasonable assignment and correlates well with the other 


values in Table 14. 


* Possibly the slightly higher value in Me,B may be indicative of increased bond strength, as in 
hyperconjugation, We intend to discuss this problem in greater detail in a future publication. 


’, J. LEHMANN, Spectroscopia Mol. 9, 62 (1960). 
J. Lenmann. To be published. 
J. LEHMANN, J. Mol. Spectrosc. In press (1961). 
. J. Becuer, Z. anorg. u allgem. Chem. 271, 243 (1953). 
. Gouseau and H. Ke.ver, Z. anorg. u. allgem. Chem. 272, 303 (1953). 
. ULmMscunerper and J. Gouseav, Z. physik. Chem. (Frankfurt) 14, 56 (1958). 
J. Becner and J. Gouseav, Z. anorg. u. allgem. Chem. 268, 133 (1952). 
J. Becner, Z anord, u. all ge m. Chem. 289, 262 (1957). 
J. Becuner, Z. anord. u. m. Chem. 291, 151 (1957). 
J. Burau and B. W. Muiuiican, J. Chem. Phys. 26, 1085 (1957). 
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Table 14. Boron—boron stretching frequencies in 
diborane and alkyldiboranes (em™) 


: Stretching frequency 
( ompound 
MBH, 816 
BH, 788 
MB 721 
B,D, | 712 


(CH,'°BH,), 758 
(CH,BH,), 746 
(CH,BD,), ~720* 


(C,H,'°BH,), 765 
(C,H, BH,), 750 
(C,H,BD,), 734 
(C,D,BH,) 702 
(C,D,BD,) 690 


(CH,),B,H, ~630* 


(CH,),B,H, 516t 


* Unassigned in previous work. 
+ Raman spectrum. 


Summary and conclusion 

The most obvious feature of the infrared spectra of alkyldiboranes, for that 
matter of all diboranes reported to date, is the very intense band assigned to 
asymmetric in-phase stretching of the BH,B bridge[15]. This band is located in the 
1580-1610 em~ region of all alkyldiboranes, except 1 :1-dialkyldiboranes where it is 
characteristically lowered by 50 em~'. 

The shapes of the strong B—H (terminal) stretching bands in the 2500-2600 
em! region allow further differentiation among the diboranes [15]. Those contain- 
ing a BH, group (viz. mono- and 1:1-di-alkyldiboranes) have twin peaks, the others 
singlets. (Tetra-alkyldiborane of course has none.) 

Additional quite characteristic, but not-so-intense, bands are due to BH, 
scissors deformation (ca. 1140-1170 em~"), BH in-plane bending (1110-1180 em~*) 
and BH, out-of-plane wagging (930 10 cm~'). Unfortunately, these are often 
overlapped by other bands and consequently are of only limited analytical value. 
To distinguish |:2-di- from tri-alkyldiboranes thus generally requires more detailed 
study. R,B,H, often has an additional strong peak near the BH bending absorp- 
tion, due to BC, asymmetric stretching. 


The usual C—H stretching bands near 3000 cm =! 


are found in alkyldiboranes, 
but the CH, symmetric deformation in methyldiboranes causes a unique medium- 
to-strong absorption at 1322 7 em~!, quite distinct from alkanes (1375 em) 
and even trimethylborane (1306 em~!). Two methyl groups attached to the same 
boron apparently produce a split in that band. 
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3000 2700 2400 2100 


as. 


B-H (single) 


BH» sym. 


sym. in-phase 


sym. out-of-phase 


as. out-of-phase 


as. in-phase vS@ Ivs 


Fig. 1. Hydrogen-stretching frequencies of alkyldiboranes, 1500-3000 cm~'; s, strong: 
m, medium; w, weak; v, very. 


(B)CHg def. as. 
(B)CHg def. sym. 
CH, wag/ twist 
def. 


BH in-plane bend 


(B)CHg rock. 
BH wag. (out-of-plane) 
BH wag. (out-of-plane) 


BC, stretch as. 


stretch. sym. dns 


Fig. 2. Low frequencies of alkyldiboranes (below 1500 em~'); s, strong; m, medium 
w, weak, 


tthyldiboranes consistently exhibit medium-to-strong bands at 1290 
(CH, wagging and/or twisting). In general, most —CH, and —C,H, absorption 
intensities are approximately proportional to the number of alkyl substituents. 

The various group frequencies of isotopically normal diboranes are pictorially 
summarized in Figs. 1 and 2. 


Acknowledgment—-We are indebted to Professor D. A. Dows for a series of stimulating dis- 
cussions and a critical review of our manuscript. 
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Spectroscopic studies on organometallic compounds—III* 
Infrared spectra of perfluorovinyl metal compounds 
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Abstract infrared spectra of the compounds CF,:CFBF,, CF,:CFBCI1,, 
CH,),Ge(CF (CFy:CF) Sn, (CF,:CF),As and (CF,:CF),Hg have been 
region 650-3500 em I Most of the observed absorption frequencies have been 


wrelation with known spectra. 


Introduction 
LivrLe has been published on the subject of vibrational spectra of organometallic 
compounds, and even less on the spectra of pertluoro-organometallic compounds. 
With the latter type of compound, band assignments might well be difficult to 
make because no detailed correlation rules have been formulated for fluorocarbon 
frequencies {1,2}. However, in these laboratories we have recently synthesized a 
variety of compounds in which a perfluorovinyl (CF,:CF-—) group is bonded to a 
metal or metalloid atom [3, 4]. During this work it was our custom to investigate 
the infrared spectra of the new compounds as part of an identification procedure. 
\s a consequence of this it was found possible to make tentative band assignments 
for the CF,:CF— group by comparison with published spectra. Accordingly the 


spectra are discussed in this paper in order to increase in general our knowledge of 


the positions of C—F absorptions in the infrared region of the spectrum and to 
emphasize the usefulness of infrared spectroscopy as an analytical tool in organo- 
metallic chemistry. 
Experimental 

Preparation of perfluorovinyl metal compounds 

Preparations of tin and boron compounds are fully described elsewhere [3, 4}. 
Pertluoroviny! derivatives of arsenic, germanium, silicon and mercury were made 
by treating the appropriate halide with perfluorovinylmagnesium bromide [3, 5}. 
Samples of the tin, arsenic, silicon and germanium compounds used for the infrared 
studies were shown by vapor-phase chromatography to be not less than 95 per cent 
pure. Since bis(perfluorovinyl)mercury decomposed on chromatography, its 


* For previous parts of th eries, see 119) and {21 
United States Air Force under contract no. AF49(638)-—518, 
entific Research of the Air Research and Development Command. 

Harvard University, 1959-61 
Lamy. The Infra-re pect if Complex Molecules (2nd Ed.) p. 330. Methuen, London (1958) 
mistry (Edited by J. H. Simons) Vol. LI, p. 449. Academic Press, New 
1954). 

Karsz, S. L. Starrorp and F. G. A. Srone, J. Am. Chem. Soc. $1, 6336 (1959); 82, 6232 


»and \. Srone, J im. Chem. Soc 82, 6238 (1960), 


rs, KR. N. R. D. Yarsenxo and L. N. J2rest. Akad. Nauk. S.S.S.R., 
mk 1345 (1958). 
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purity could not be established by this technique. However, only a constant- 
boiling center fraction was used as the infrared sample. Purity of the very reactive 
perfluorovinylboron compounds was established by techniques described elsewhere 
[4]. 


(b) Infrared spectra 

Infrared absorption spectra were recorded using a Perkin-Elmer (model 21) 
double-beam spectrophotometer equipped with NaCl optics, operated at a slit 
program setting of 921. As each spectrum was obtained, it was immediately 
calibrated against known peaks of a polystyrene film. The accuracy of the absorp- 
tion frequencies reported varies with the magnitude of the frequency, being best 
for the low-frequency bands and poorest for those at high frequencies. The error 
is estimated to be about + 0-3 per cent. 

A demountable cell having NaCl plates and a silver spacer of 0-015 mm thick- 
ness was used to record the spectra of liquid films. Gas spectra were recorded at the 
pressures indicated in the tables using a 4-cm gas cell having NaCl plates. 

Some representative spectra of perfluorovinyl compounds are given in Figs. 1—3. 
The vibrational frequencies for the several compounds are listed in Tables 1-8. 
Except for bands due to the CF,:CF— group, the assignments given were made by 
reference to BeLLAMy [1] and to the references indicated on each table. Weak 
bands were generally ascribed as “possible overtone or combination band” for 
lack of a better assignment, although in some cases reasonable sources of these 
bands are suggested. Trivial designations of vibrational modes, such as “wag, 
“rock’’, ete., follow the usual custom. The following further abbreviations are used 
in the tables: 


Band characteristics and relative intensities 


weak \ very 
medium sh shoulder 
strong b broad 
possible combination or overtone band; 
where reasonable, possible sources of such 


bands are indicated 


Scale of relative intensities in percentage transmission 


(%) 
30-70 


off scale 


Noise level corresponds to about 2 per cent. Bands designated as ‘“‘vs”’ or “‘b”’ 
were measured by determining the average frequency at one-half the peak height. 
Discussion 


The results summarized in Tables 1-8 show that when a CF,:CF—M group is 


wresent in the molecule a very distinctive series of four very strong absorptions 
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Table 1. Vibrational frequencies in gaseous CF,:CFBF,* 


Pp 10mm p = 40mm Assignment [6, 7] 


(cm 


682 


703 BF, deformation 


CF stretch 


1042 


1178 CF stretch 


1319 m s } 


1327 m s | 


CF stretch 


1415 vs vs, b UBF asym. stretch (7) 


1470 m s |} 
1480 m s | 


asym. stretch (7) 


1725 8 vs C<C stretch 


* The appearance of a band at 692 cm ' in the spectrum of CF,:CFBF, is due 
to the presence of BF, as an impurity. 


Table 2. Vibrational frequencies in gaseous CF,:CFBCI, 


a p 4mm p 40 mm Assignment [6, 8, 9] 


(cm 


847 
864 m vs, b 
S84 


981 m vs BCI asym. stretch 
CF 
CF 


102: stretch 
1128 


1158 


stretch 


1262 


stretch 


1287 


1350 ‘ stretch (7) 


1665 


1695 ‘ stretch 


2560 


1287?) 


2700 


1350) 


L. P. LinpeMan and M. K. Wiisow, J. Chem. Phys. 24, 242 (1956). 

H. J. Becwer, Z. anorg. u. allgem. Chem. 291, 151 (1957) 

L. J. Betramy, W. Gerrarp, M. F. Larrert and R. L. J. Chem. Soc. 2412 (1958), 
H. J. Becuer, Z. anorg. u. allgem. Chem. 271, 243 (1953). 
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Table 3. Vibrational frequencies in liquid (C,H,;),Si(CF:CF,), 


Frequency 
(em?) 


Assignment [1, 10] 


666 


OS6 [SiC ( CF:CF,) stretch?) 


SiC (—-C,H,) stretch 


1006 8 CC stretch (—-C,H,) 


1049 vs CF stretch 


1140 


CF stretch 


1169 


1238 “ CH, deformation 


295 CF stretch 


1384 Ww e (2 6867) 


1416 m e (2 717?) 
1462 m e (2 7387) 


1560 


1710 vs | 


C—C stretcl 
1725 vs 


2090 vw e (2 1049) 


2375 vw c 
2570 vw e (2 1295) 
2750 vw e (1049 “sean 


2885 s CH, sym. stretch 
2910 m, sh CH, sym. stretch 
2930 m, sh CH, asym. stretch 
2970 8 CH, asym. stretch 


* Band characteristic of ethylsilicon compounds | 10}. 


[10) A. L. Smrrn, Spectroch m. Aeta 16, 87 (1960), 


vw 
| 
717 
717 vs, b) 
738 
956 
969 m ?* 
vs 
@ | 
17 
96) 
vw 
415 
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Table 4. Vibrational frequencies in liquid (CH ,),Ge(CF:CF,), 


Frequency 


: Assignment [1, 11] 
(em™*) 


GieC€ stretch (7) 


CH, (—Ge) rock 


CF stretch 


CF stretch 


CH, (—Ge) sym. deformation 
CF stretch 
CH, (-—‘ie) asym. deformation 


( stretch 


(825 1028) 
» (S51 1028) 


1028) 
1139) 


(2 12917) 


» (1028 725) 


‘H sym. stretch 
‘H asym. stretch 


occurs in the range 900-1800 em~!. A consideration of the literature related to 
analyses of the spectra of trifluoroethylenes [12, 13] and of 1:1-difluoroethylenes 
14-16] permits a reasonable assignment (Table %) for the four bands due to the 
CF,:CF—M group in perfluorovinyl metal compounds. Barnes et al. [17] have 
suggested that the —CF, group shows characteristic bands near 1340 and 1200 cm“, 
The results summarized in Table 9 support assignment of a band within the range 


1274-1362 em! to the —CF, asymmetric stretching mode. However, it seems best 


Brown, R. Oxawara and E. G. Rocnow, Spectrochim. Acta 16, 595 (1960). 
Mann, N. Acevista and E. K. Pryver, J. Chem. Phys. 22, 1586 (1954). 
>. Mann, N. Aceuista and E. K. Pryier, J. Chem. Phys. 22, 1199 (1954). 
Sarra, J. R. Neecsew and H. H. Craasen, J. Chem. Phys. 18, 326 (1950). 
Teter and J. R. Nrecsen, J. Chem. Phys. 30, 98 (1959 
J. and R. Taemer, J. Chem. Phys. 30, 103 (1959). 
RK. B. Barnes, R. C. Gore, R. W. Starrorp and V. Z. Wiiuiams, Anal. Chem. 20, 402 (1945). 
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Table 5. Vibrational frequencies in liquid (CHg),Sn(CF:CF,), 


Frequency 
(em?) 
734 m, b, sh) 
786 vs,b | 


Assignment [1, 11] 


CH, (—-Sn) rock 


1004 stretch 
1121 stretch 
1150 


1194 
1203 


CH, (—Sn) sym. deformation 
1274 CF stretch 
1408 CH, (—Sn) asym. stretch 


1720 stretch 


2010 ec (2 1004) 
2540 ec (2 274) 


17 
961 


2710 


Cc 


(L004 720) 


2930 CH sym. stretch 
SOLO CH asym. stretch 


3435 3 (2 1720) 


Table 6. Vibrational frequencies in liquid (CF,:CF),Sn 


Frequency 
i Assignment 
(cm ) 


646 

1020 CF stretch 

1156 CF stretch 

1308 CF stretch 
C=C stretch 
ec (2 1020) 
c (2 1156) 

» 


e (2 1308) 
e (1020 1732) 


wor. ol 
2755 vw 
- 
417 


S. L. Svarrorp and F. G. A, STONE 


Table 7. Vibrational frequencies in liquid (CF,:CF),Hg 


Frequency 


Assignment 
) 


(em 
648 
807 

1011 CF stretch 
stretch 
1157) 

1277 'F stretch 


1514 
1603 8077) 


1666 s » (648 1011) 
1719 stretch 


1915 
2020 »(2 1011) 
2260 »(2 1135) 


2355 

2550 x 1277) 
2740 > (1011 1719) 
3445 » (2 x 1719) 
3700 


to assign the band which appears in the region 855-1058 em~ to the =CF, sym- 
metric stretching mode, because in the spectra of 1:1-difluoroethylenes a band is 
indeed present in the region 926-1053 em~! but there is no band in the region 
1121-1264 em. The band which appears in the region 1695-1792 cm~' must 
surely be due to the C=C stretch of the fluorinated organic group. Therefore, the 
band which appears in the spectra of perfluorovinyl metal compounds in the region 
1121-1264 em~ is very probably due to the stretching mode of the C—F bond gem 
to the metal atom. 

In the spectra of the perfluorovinyl metal compounds it is interesting to note 
C stretch. In the case of the ordinary 


‘ 


the strength of the absorption due to the ¢ 
unsubstituted vinyl group, bonding to a metal causes the originally strong absorp- 
tion due to the C=C stretch, as observed in the spectra of vinyl chloride or vinyl 
bromide [18], to be diminished to a point where its assignment becomes somewhat 
uncertain [19]. In the case of the perfluorovinyl group, however, there is no large 


18) C. W. Guiiicksen and J. R. J. Mol. Spectrosc. 1, 158 (1957). 
19) H. D. Karsz and F, G. A. STONE, Spectrochim. Acta 15, 360 (1959). 
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lessening of the strength of the absorption when the group is bonded to a metal 
rather than to a hydrogen or halogen atom. 

A final point of interest is the manner in which the spectra discussed in this 
paper may shed some light on the question of interaction between the z-electrons 
of the perfluoroviny!l group and the empty p,-orbital of a boron atom [20]. Such 
an interaction would be expected to manifest itself in observable spectral 
shifts in at least two bands. Since it is a conjugational effect, the double-bond 
character of the vinyl group would be lessened, and that of the B—C bond increased. 
The natural result would be the lowering of the C—C stretching frequency, and an 
increase in the B—C frequency. 


Table 8. Vibrational frequencies in liquid (CF,:CF),As 


Frequency 


(em~?) Assignment 


AsC stretch 


CF stretch 
./ @ 


17 


CF stretch 


CF stretch 


c 


1720 


C=C stretch 


1805 903) 


(2 


2030 vw e (2 x 1016) 
2350 vw e (2 x 1167) 
2595 vw ec (2 x 1311) 
2740 vw e (1016 + 1720) 
2855 vw e (1167 + 1720) 


In all the perfluorovinyl metallic compounds studied, the C—C absorption 
occurs at a somewhat lower frequency than in the trifluoroethylenes. With the 
exception of the compound CF,:CFBF, discussed below, in the perfluoroviny!- 
boron compounds the C=C stretching frequency is even lower than that in any of 
the other perfluorovinyl metallic compounds. Thus it drops from the 1710-1732 
em~! region observed for perfluoroviny! metallics in general to 1695 em in 
CF,:CFBCI,, 1678 em (doublet) in (CF,:CF),BCI [4], and 1680 em~ in (CF,:CF),B 
[4]. It would appear that in these particular boron compounds the C—C bond has 
indeed lost some of its multiple character. In the spectrum of CF,:CFBF,., however, 


[20] H. D. Karsz and F. G. A, Stone, Organometallic Chemistry (Edited by H. Zeiss) Chap. III. Rein 
hold, New York (1960). 
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WAVE NUMBER cm-! 
— 990.1400 1390 990 830 790 799 650 


(CH,), Sa(CF*CF,), 
liquid film ow mm 


\ | 
| 

(CH,), GelCF *CF,), 

= liquid film os mm | 


Si(CF*CF,), 
liquid film on mm 


MICRONS 
Fig. 2. 


the C—C stretching absorption occurs at 1725 cm~!, well within the region for the 


appearance of this absorption in the spectra of perfluorovinyl metal compounds in 


general. This is especially interesting since “F NMR studies suggest that in 


CF,:CFBF, the p_-orbital of boron is partially filled by p_-electrons from the 
2 2 / I } 


fluorine atoms bonded to the boron atom*, so that contribution of electron density 


from the C=C linkage to boron will be less significant. 


[t is difficult to draw any certain conclusions about the effect of boron—carbon 


a In work carried out in these laboratories by Mr. Z. D. CoyLe it has been shown that the 19k re son- 
ance due to fluorine atoms bonded to boron in CF,:CFBF, occurs at 87 p. n., relative t CCI,F as an 
| shifts observed in RBF, 

CHBF,. For a detailed 


internal standard. This chemical shift is at a higher field than the ?¥F chemi 
compounds, where R is an alkyl group, but is close to the observed shift in CH 


discussion of evidence from '°*F NMR spectra for electron contribution to a boron Pr orbital by fluorine 
atoms in RBF, compounds the reader is referred elsewhere | 21). 


21) T. D. Coyie and F. G. A. Stone, J. Am. Chem. Soc. 82, 6223 (1960), 
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WAVE NUMBER cm-' 


(CF, =CF), Sn 
liquid film on mm 


(CF, *CF), Hg 
A liquid film os mm 
B. cs, solution 


| 


z 
4 
” 
z 
a 


(CF, *CF), As 
liquid film os mm 


Fig. 3. 


Table 9 


Range of absorptions (em™~') 


Compound type 
CF, (asym) OF CF, (sym) 


Trifluoro 767 , 1323-1362 1200-1264 855-1058 


ethvlenes 


1:1-difluoro- 1302-1323 -- 926-1053 
ethy lenes 


Perfluoroviny! 1695-1732 1274-1327 1121-1178 1004-1049 


metal epds 


* Ranges in which absorptions occur based on the results summarized in Tables 1-8. In solution, the 

CF, (asym) and =-CF— stretches appear as a doublet and triplet, respectively {3}. However, since gas 

phase spectra show these same bands as sharp, unresolved single peaks, we have considered them as such 
in the liquid-film spectra. 
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7-bonding in vinylboron compounds on the B—C frequency, since the position of 
this frequency has been the subject of some dispute. Thus in alkyl boron compounds 
it has been assigned to the region 1000-1050 em~! [7, 9], and to the region 1130— 
1150 em~! [22, 23]. The only reasonable assignment of the B—C absorptions in 


perfluorovinylboron compounds would appear to be the band at 1350 em~ in 
CF,:CFBCI,, the band at 1361 em~ in (CF,:CF), BCI [4], and the band at 1363 em~ 
in (CF,:CF),B [4]. If this is correct the band positions would indeed support the 
hypothesis of some measure of double-bond character in the B—C bond, as does the 


enhanced intensity, which is a characteristic of conjugation. However, until more- 
certain assignments can be made, this evidence for B—C bond multiplicity remains 
questionable. 

(22) W. J. Lenmann, C. O. Witson and I. Suarrro, J. Chem. Phys. 28, 777, 781 (1958); 31, 1071 


(1959). 
23) L. A. Woopwarp, J. R. Hatt, R. N. Drxow and N. Sa#errarp, Spectrochim. Acta 15, 249 (1959). 
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Abstract e absorption spectrum of benzene has been studied in carbon tetrachloride solutions 
of various concentrations at 77 K and in 10 per cent solution at various temperatures from 3000 
The so-called erystalline spectrum appeared strongly at low temperature and its 
was ascribed to the deformation of benzene due to crystal forces of the carbon 
ide matrix 
Introduction 
Ix A previous paper (hereafter we call it Part I) [1] we reported that the triplet 
singlet emission spectrum of benzene in matrices of carbon tetrachloride and 
dioxane at 90 K had special spectral characteristics different from those in an EPA 
matrix at 77°K studied by Suvit [2]. The spectrum in CCl, matrix had a very 
strong 0.0-band. while the 0.0-band of the EPA spectrum was very weak. The 
former had the 992 em~! progression beginning at the 0.0-band, while the latter 
did not have this progression. The bands at 28,355 and 28,175 em~! were clearly 


The intensity of the 28,355 band (0-992) was stronger than that of the 


resolved 
28.175 band (0-1178) in the former spectrum, while the band at 28,310 em 
corresponded to the frequency 1178 em ! and a slight shoulder at about 28,460 
em~' was assigned to the frequency 985 em~' or 992 em ! in the latter. The first 
and the second overtone vibrations of 1178 and 1596 em~! were found in the former 
while onl .e second overtones were found in the latter. These characteristics 
seemed to suggest that the spectrum in CCl, matrix appeared as a transition 
allowed by symmetry although it was forbidden by spin multiplicity. Because no 
},. vibration was found in the spectrum it was impossible to decide whether the 
phosphorescent level was of ‘B,, or *B,, species mentioned by Suu. for the EPA 


spectrum. On the other hand frequencies 405(¢,,), GO06(e,,). $05 and 


$05 992(¢,.) were also found in the CCl, spectrum. We concluded that benzene 


in the triplet state was somewhat deformed and had a shallow boat form. We also 
briefly reported the absorption spectrum of benzene in CCl, at various concentra- 
tions at 77°K. We found a strong band corresponding to the forbidden 0.0-band 
of the spectrum of benzene erystal. Accordingly we concluded that benzene in the 
ground state in CCl, matrix was also deformed. A similar result was also obtained 
in dioxane matrix. 

In this paper we will discuss in detail the absorption spectrum of benzene in 
CCl, at various concentrations and at various low temperatures. 


1! Y. Kanpa and R. Sumapa, Spectrochim. Acta 17, 7 (1961). 
2) H. Suvuty, J. Chem. Phys. 17, 295 (1949). 
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Experimental 


Solvents used in this study were CCl,, cyclohexane, dioxane, ethanol and 


petroleum ether. The ways of purification were exactly the same as those reported 
previously [1, 3,4]. Benzene was purified in the same way as that reported in 
Part I [1]. Three kinds of dewar vessels were employed in which absorption cells 
were mounted. A dewar vessel “A” was made of Corning Vycor glass tubings of 


about 1} in. and 2 in. in diameter and about 15 in. in length. Two polished circular 


fused quartz plates were fused to the outside and inside bases. The absorption 


spectrum of benzene was studied with this in CCl,, eyelohexane, dioxane and etha 


nol solutions at 77°K and room temperature (15°C). A drop of a sample solution 


was held as a thin layer between a circular fused quartz plate of about 3} in. in 


diameter and one of the quartz window plates of a long insulator tube of 18 in. in 
in. in diameter. The sample later was immersed in boiling 


length and about ? 

liquid nitrogen. The absorption spectra of benzene in rigid thin solutions were 
studied photographically. For the spectrum of benzene in petroleum ether at 
various temperatures between 30°C and 77°K a metal dewar vessel “B” was 
employed which was devised by M. Iro in this laboratory [5]. The optical 
path of the absorption cells was 3m. The vessel containing the cells was placed 


between a hydrogen lamp and an entrance slit of a Hitachi automatic recording 


spectrophotometer type EPS-2. The spectra were studied photoelectrically by the 


single-beam method at various temperatures. A vessel ““C’’ was devised for study- 


ing the spectrum of benzene in CCl, in a rigid layer of the solution at various 
temperatures between —25°C and 77°K. It is illustrated in Fig. 1. It was made 


of hard glass, and two polished fused-quartz plates were glued to its inside and out- 
side bases with Hysol cement. A double-cylinder brass vessel was inserted in it. 
A suitable refrigerant in the outside section cooled an insulator tube in the inside. 
at the base of which was placed a layer of the sample. Refrigerants were solutions 
of dry-ice and ethanol of various ratios for temperatures between 25° and 

75°C, and liquid oxygen and liquid nitrogen for temperatures of 90°K and 77°K. 


For experiments at —107° and —154°C spiral plastic tubing was immersed in the 
dry-ice and ethanol bath, and the sample was maintained at an appropriate 
temperature within +3°C during exposure through regulation of the rate of liquid 


air passing through the tubing.* The spectrograph employed in this experiment was 


a large quartz one with a 60° Cornu prism, and collimator and camera lenses of 
6-cm diameter and about 120-cm focal length at 400 mu. Exposure times ranged 
from 10 min to 2 hr with a slit width of 100 w and Fuji process spectroscopic 
plates. Intensities and wavelengths of spectral bands were measured with a re- 


cording microphotometer which we constructed. The maximum precision of 


measurement was —10 cm~! for the sharper bands. For very broad bands the 
1 


accuracy was probably not greater than +30 em 


* Temperature was measured with a copper—constantan junction, and the junction point was placed 


very close to the sample laver. 


3) Y. Kanpa and R. Samana, Spectrochim. Acta 15, 211 (1959). 
4) Y. Kanpa, R. Surana and Y. Sakai, Spectrochim. Acta 17, 1 (1961), 
5] M. Iro, J. Mol. Spectroa 4, 106 (1960), 
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Results and discussion 
The absorption spectrum of benzene in CCl, was photographed at 77°K and 
15°C. Microphotometer tracings are shown in Fig. 2 and spectral data are listed in 
Table 1. A sample solution became a white solidified mass at 77°K and it was 
impossible to study the ultra-violet absorption spectrum without using a thin 
layer. Sample solutions were at rather high concentrations, namely, 5, 10, 25, 50, 
75 and 90 wt. per cent. It was necessary to use such high concentrations because 


BENZENE IN CCl, 
nsucaron 
TUBE AT 77°« 


AF 
BRASS 
CYLINDER 


GLASS DEWAR 


Benzene crystal 


SAMPLE LAYER 


28900 4Q000 cri’ 


Fig. 1. Dewar vessel “*C”’, Fig. 2. Absorption spectra of benzene in CCl,. 


the thickness was very small, of the order of 10-' ~ 10°? mm. A sample layer was 
cooled rather rapidly in liquid nitrogen. Spectra at 77°K are shown in solid lines 
while dotted lines show liquid-state spectra at 15°C for comparison. It can be seen 
in Fig. 2 that the spectrum of benzene crystal appeared in the spectra of solutions 
at 75 and 90 per cent concentrations. At the concentration of 50 per cent a new 
system appeared with a shift of 110 em~! to the red from the spectral bands of 
crystalline benzene which remained as slight humps or shoulders. It must be 
mentioned that the forbidden 0,0-band appeared clearly in the spectra of benzene 
in CCl, At the concentration of 25 per cent the crystalline spectrum was no 
longer found. The position of the 0,0-band shifted by 165 em~! to the red from 
that of the benzene crystal. The integrated intensity ratio of the forbidden band 
to the allowed 0,1-band was approximately 1:2, while the ratio for bands of 
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crystalline benzene at 77°K was nearly 1:5. At 10 per cent concentration the 
intensity of the 0.0-band became comparatively stronger (approximately 1: 1, or 
sometimes even 1-3: 1). The shift of the 0,0-band from that of the erystal spectrum 
was 225em~'. At 5 per cent concentration the spectrum was essentially the same 


as at 10 per cent except for the intensity of the total spectrum. The contrast of 


the spectrum was rather poor and it seemed to be of no use to perform the experi- 
ment at much lower concentration. For comparison purpose the absorption 
spectrum of benzene was studied also in cyclohexane, dioxane and ethanol at 77°K. 
Sample solutions were white solidified masses at 77°K except for the ethanol 
solution at low concentration. In the spectra at 75 and 90 per cent concentrations 
the spectrum of crystalline benzene can be detected, but the spectra at concentra- 
tions below 50 per cent are seen to be essentially the same as each other; namely, 
they have weak forbidden 0,0-bands and strong allowed 0,1-bands, although the 
hands shifted slightly to the red with decreasing concentration from those of crystal 
benzene. At 10 per cent concentration the integrated intensity ratio of the for- 
hidden band to the allowed 0,1-band was | : 6 in cyclohexane, | : 3 in dioxane and 
|: 12 in ethanol. Therefore, it is understood that the spectrum of benzene in 
CCl, at 77°K had a peculiar feature different from those in other solidified media. 
The strong intensity of the 0.0-band of benzene in CCl, seems to suggest that ben- 
zene is deformed in CCl, at 77°K in the ground state; otherwise there is no reason 
why the symmetry-forbidden 6,0-band can appear very strongly in the spectrum. 
An alternative interpretation is to ascribe it to formation of complex compounds 
of benzene with CCl,. Actually Karustixnski and Drakin found complex com- 
pounds with ratios 1: 1, 1:2 and 1:3 [6). Weshall discuss this point in detail. 
We studied the absorption spectra of benzene and solutions of benzene and 
carbon tetrachloride of molar ratios 1 : 1, 1 : 2 and 1 : 3 in petroleum ether at 30, 0, 
25, —50. —75°C and 77°K. In each sample the concentration of benzene was 
adjusted to 10-* mole/l. The metal dewar vessel “B” was used. The spectral 
feature of benzene in petroleum ether was essentially the same as that in cyclo- 
hexane but in this case a weak 1,0-band was also observed. The band decreased in 
intensity with decreasing temperature, while a weak 0.0-band appeared at —50°C 
and increased in intensity with decreasing temperature. The spectral appearances 
of the three solutions of benzene and CCl, were entirely the same as that of benzene 
only in petroleum ether. We also studied the phosphorescence spectrum of benzene 
with the same solutions. The phosphorescence of benzene in petroleum ether was 
very weak in intensity and of about 2 sec in lifetime by visual estimate. Exposure 
was about 100 hr with a slit width of 100 « on Fuji special test plates. A micro- 
photometer tracing is shown in Fig. 3 and the spectral data and the analysis are 
given in Table 2. The spectral features of the solutions of benzene and CCl, in 
petroleum ether were also exactly the same as that of benzene only in petroleum 
ether. Those spectra are very similar to that in EPA but the bands at 28,430 
(0-985) and 28,230 (0-1178) em are resolved better than those in the EPA 


spectrum. For comparison the spectrum in CCI, is also shown in the figure. It is 


entirely different from the spectrum in petroleum ether. Therefore. it is concluded 


KAPUSTINSKI and S I. Draxin, Bull. acad, sci se ace. Chim, 435 (1047); ¢ hem. 


, (1948 


| 
17 
196] 
ibetr. 42 
428 


The absorption spectrum of benzene in carbon tetrachloride at 77 K 


that the absorption and phosphorescence spectra of benzene in C( ‘1, have no 
relation to complex formation. 

We also studied the absorption spectrum of benzene in solutions of CCl, and 
ethanol of various molar ratios at 77°K. The object of the experiment was to know 


i i iL A 
24,000 26,000 28,000 poem 


Fig. 3. Phosphorescence spectra of benzene at 90°K. 


Table 2. Phosphorescence spectrum of benzene in petroleum ether at 90°K 


Wavenumber Rel. inten. As Assignment 


29,410 l 0 0.0 


28,700 2 710 0-703 (b,,) 
28,430 4 980 0-985 (b2,) 
28.230 7 1180 0-1178 (e€5,) 
27,810 9 1600 0-1595 (1585/1606) (e,,) 
27.440 5 1970 0—-985—992 
27,240 7 2170 0-1178—-992 
26.820 9 2590 0—-1595—-992 
26.450 5 2960 0-985-992 2 
26.250 6 3160 0—-1178—992 2 
25 840 8 3570 0-1595-992 2 
0-1178 3 
25,480 6 3930 0-1595-—-1178 2 
25.270 6 4140 0-1178—-992 3 
25,070 7 1340 0-1595 2—-1178 
24,860 7 4550 0-1595-992 3 


24.670 6 1740 0O-1595 


24.500 5 4910 0-1595-1178 2-992 
24.080 5330 00-1595 2-1178—992 
23,690 4 5720 O-1L595 3-992 

23,110 4 6300 00-1595 >-1178—992 2 
29 79) 3 6690 0-1595 3-992 2 


the influence of crystal properties of C¢ 1, on the spectral appearance of benzene. 


The order of rigidity of matrices changed with changing ratio of (“ ‘1, and ethanol. 
We first preferred petroleum ether to ethanol but it was very difficult to make a 
nice sample in a thin layer because the solutions were very volatile when they were 


placed between quartz plates, especially so at higher concentration of petroleum 


ether. On the other hand, ethanol is more viscous and it was easy to make thin 


layers. The concentration of benzene was adjusted to 10 per cent throughout the 
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experiment because it was easiest to detect the strong 0,0-band of benzene in CCl, 
at this concentration. It can be seen in Fig. 4 and in Table 3 that with increasing 
concentration of CCl, the forbidden 0,0-band increased in intensity; namely, the 
intensity ratio of the forbidden 0,0-band to the allowed 0,1-band increased and the 
spectra as a whole shifted to the red. No irregular change was found even at the 
molar ratios of benzene and CCl, of 1: 1, 1 : 2and 1:3. Therefore, it is concluded 
that the peculiar characteristics of the spectrum of benzene in CCl, at 77°K are due 


CeHg: 


38,000 39000 4Q000 cnt" 


Fig. 4. Absorption spectra of benzene (10 per cent) in CCl, and ethanol at 77°K. 


to deformation of benzene by crystal forces of CCl, and not to complex formation. 
We also studied the influence of temperature on the spectral appearance of 
benzene in CCl, At the beginning of the experiment we performed a differential 
thermal analysis of CCl, and a 10 per cent solution of benzene in CCl,. KCl crystal 
was used as a reference. Curves of differences in galvanometer readings are shown 
in Fig. 5. For pure CCl,, transition points were found at —48° and —26°C. The 
former coincides well with data reported by VeRScHINGEL and Scuirr [7]. It is 
47-4°C. The latter corresponds to the melting point which is at —22-8°C accord- 
ing to them. Temperatures corresponding to these transition points were at —54° 
and —34°C, respectively, for the solution. We do not know what the large hump 


{7} R. Verscurvcet and H. I. Scuirr, J. Chem. Phys. 22, 723 (1954). 
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Table 3. Absorption spectra of benzene in mixtures of C( ‘l, and C,H,OH at 77°K 


Molar ratio Integrated 1 differer tali 
wre Frequencies and differences (italics 
C,H,:CCl,:C,H,OH inten. ratio 


1:0:9 1:12 37,820 920 38,740 
515 510 
38,335 915 39,250 40,170 


37,775 38,695 
545 


38,320 


37,775 
540 
38,315 


37,770 38,690 
540 540 
38,310 39,230 


38,670 93 39,600 
550 550 
39,220 40,150 


37,720 38,640 925 39,565 
550 560 565 
38,270 39,200 40,130 


37,700 38,620 39,540 
555 560 

38,25: 925 39,180 

37,620 38,540 92: 39,465 
560 590 580 

38,180 39,130 915 40,045 


37,600 38,530 9: 39,460 
530 52: 540 
38,130 39,055 945 40,000 


37,600 38,525 9 39,455 


38,135 925 39,060 


37,600 925 38,525 39,445 
510 5140 550 
38,140 925 39,065 39,995 


| 925 39,245 925 40,170 
HE 1:10 935 38,710 
525 
920 39,235 
1:5 37,750 920 
555 
17 38,305 915 
96] 
1:5:4 1:2°5 
1:6:3 33 
1:8-5:0-5 1:3:1 
431 
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at around —132°C is, whose counterpart in pure CCl, erystal is at around — 137°C. 


Anyway we chose temperatures 15, —25, —36, —57,—75, — 107, —154, —183 and 


196°C taking the differential curve of the 10 per cent solution into account in 
order to study its absorption spectrum. The dewar vessel ““C’’ was employed in 
this experiment. Microphotometer tracings are shown in Fig. 6 and spectral data 
are listed in Table 4. Solid lines mean curves of rapidly cooled samples and dotted 
lines show those of slowly cooled ones. It is seen that a rapidly cooled sample has 


+ . 


GALVA. READING 


fferential ther 


a different spect! il appearance from that ofa slowly cooled one at the same tempera 
ture, and especially so at lower temperatures. The 0.0-band of a rapidly cooled 
ile is weak at 75 C but strong at IS3° and 6c It is. therefore 

i that a transition point of the spectrum might lie somewhere between 
However. we tried in vain to obtain a spectrum ot rapidly 

107° and 154 ( It was difficult to make a thin laver at these 

from samples at room temperature. A sample which was 

196°C and raised rather slowly to 154°C gave a spectrum 

ctly the same as that of the slowly cooled sample Although the sample Was 
ckly mounted in the dewar which was maintained at a little lower temperature 
the desired one, it was impossible to cool it rapidly with this type of dewar 
vessel. If we could have had some liquified gases boiling at 107° and 14 
and inserted the sample directly into them, we would have been able to observe a 
spectrum of the quickly cooled sample. Although the experiment was rather 
incomplete it is seen that a rapidly cooled sample gives the peculiar absorption 
spectrum olf benzene espe ially at 90° and 77°K. The spectrum ota slowly cooled 
sample consists of sharp and finely resolved bands and has a weak 0,0-band. It 
must be mentioned that the strong 0,0-band of a rapidly cooled sample coincides 
with the second band of a slowly cooled one at 77°K and this coincidence is also 
seen at —75°C. It may be possible that the spectrum of the quickly cooled sample 
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comes from an amorphous phase of the CCl, matrix or one of the phases below the 
transition point. 

A question arose whether there would be a difference between the phosphores- 
cence spectra of benzene in CCI, of rapidly and slowly cooled samples. Unfortunately, 
we were unable to find any appreciable difference between them at 90° and 


L 


37500 38009 38500 39000 39500 49000 


c 


Fig. 6. Absorption spectra of benzene (10 per cent) in CCl, at various temperatures, 


77°K. Rather the spectrum at 77°K looked sharper than that at 90°K. We used a 
phosphorescence cell described previously [1,3], and the volume of the sample 
solution was approximately 2 ml. Although every attention was paid to cooling 
it slowly, it was extremely difficult to make a nicely oriented crystalline phase in 
the phosphorescence cell at 90° and 77°K, while it was easy to do so between two 


quartz plates as in the experiment on the absorption spectra. It is understood that 


the slowly solidified solution involved the same amorphous phase as that in the 
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The absorption spectrum of benzene in carbon tetrachloride at 77°K 


rapidly cooled one. Actually, both samples gave the same spectrum as that reported 
in Part I {1}. 
Although the study so far includes some incomplete points it may be concluded 


that benzene is deformed in rapidly cooled CCl, matrix at 90° and 77°K because 


the forbidden 0,0-band appeared strongly. This explanation is not surprising if we 
refer to some work by Scunerr [8], who studied the absorption spectrum of hexa- 
methylbenzene crystal at various temperatures and concluded that above the 
transition point at 113°K the molecule was deformed, probably to a shallow boat 
form, and it was not deformed below that temperature. The fact that the spectrum 
of a rapidly cooled sample in this experiment shows a similar feature to that of hexa- 
methylbenzene crystal above 113°K seems to support our conclusion. Complex 
formation does not explain the observation that the spectrum of a rapidly cooled 
sample is different from that of a slowly cooled one. It is, therefore, easily under- 
stood that the peculiar characteristics of the phosphorescence spectrum of benzene 
in CCl, matrix at 90°K reported in Part I must be ascribed to deformation of 
benzene due to crystal forces of the matrix. 
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Abstract—Infrared spectroscopic studies in the 3000-4000 em 1 region are reported for the 
eighteen hydrogen-bonding systems involving the proton donors methanol, ethanol and t- butanol 
and the proton acceptors acetone, ethyl acetate, dioxane, benzophenone, dimethylformamide 
and pyridine, in solution in CCl,. Equilibrium constants for the formation of 1:1 hydrogen- 
bonded complexes have been determined. Enthalpies of complex formation (calculated from the 
temperature dependence ot the spectra over the range 10 to 60°C) are in the range 2-2 —4-0 
keal/mole. Both the frequency differences (Av) between bands due to uncomplexed and com- 
plexed alcohol molecules and the integrated intensities (B®) of the bands due to the complexes 
were found to be temperature dependent, but the half-widths of the bands due to H-bonded 
complexes were virtually independent of temperature. Data for the fifteen O—H - - O complexes 
lie fairly close to the Badger—Bauer line correlating AH and Av, but the results for the three 
pyridine complexes are in marked disagreement with this relation. Data for all eighteen systems 
studied. as well as other data available in the literature, show a correlation between AH and B®. 


Few accurate values have been reported for hydrogen-bond energies of alcohols 
interacting with various proton acceptors [1]. In order to further the development 
of a better understanding of the hydrogen-bonding properties of simple alcohols, it 
seemed desirable to obtain accurate measurements of spectral and thermodynamic 
quantities associated with several alcohol—base* systems. Such data are needed 


particularly for comparison with the surprisingly high absolute values of AH of 


dimerization for aleohols (ranging up to ca. 9 keal/mole of dimer for methanol [2, 3]). 

The present paper reports infrared studies in the region of the fundamental OH 
stretching vibration for the eighteen alcohol-base combinations among the alcohols 
methanol, ethanol and t-butanol and the bases dioxane, acetone, benzophenone, 
ethy! acetate, dimethylformamide and pyridine. The work was carried out under 
conditions where only a 1:1 aleohol-base complex is expected and where self- 
association of the alcohol is minimized. The thermodynamic properties AF, AH 
and AS were calculated from the temperature dependence of the spectra. 


Experimental 


Spectra were measured with a Perkin-Elmer model 13 infrared spectrophotometer modified 
to scan and record linearly in frequency [4] and to record linearly in absorbance (log [)//) over the 


Landa 


region 0-1-0. A LiF prism was used with an estimated frequency accuracy of +4 cm 
spectral resolution of 8em™! at 3600 cm™~!. The reproducibility of absorbance measurements 
was about +0-01. Corrections for false energy and finite resolving power were found to be 


negligible for relative-intensity measurements in the range of absorbance employed. 


* The term “base” here indicates a molecule serving as a proton acceptor in the hydrogen bond. 
1) G. C. Powenret and A. L. The Hydrogen Bond. Freeman, San Francisco (1960). 
2} U. Lippe. and E. D. BEecKER, S pectrot him. Acta 10, 70 1957). 
3) J.C. Davis, Jr., K. S. Prrzer and C. N. R. Rao, J. Phys. Chem. 64, 1744 (1960). 
4) F. S. Brackerrt, J. Opt. Soc. Am. 47, 636 (1957). 
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Infrared studies of hydrogen bonding in alcohol—base systems 


Two water-jacketed cells were used in the sample and reference beams, and were matched in 
thickness at approximately 5mm. The sample cell contained the alcohol at 0-02 M and the base 
at 0, 0-3 or 0-5 M in CCl,. The reference cell contained the base at the same concentration as 
that in the sample cell. Water or antifreeze solution at various temperatures between 15°C 
and + 60°C was circulated through the jackets of the cells. The temperature of the sample cell 
was measured by means of a copper—constantan thermocouple and is estimated to be accurate 
to +1°C. Because of differences in the design of the two cells they were not always at exactly 
the same temperature, but spectra obtained with only base solutions in both cells indicated that 
this difference did not affect the compensation of the base or solvent absorption. 

The alcohols and bases were reagent grades, purified in some cases by standard procedures 
[5], and stored over Linde molecular sieve beads to prevent absorption of water. Carbon 
tetrachloride was dried and handled as described previously [2]. 


Results 


The formation of a 1:1 complex C from alcohol monomer M and base B can be 
represented by the equilibrium 


MiB=C (1) 


If c, m and b are the equilibrium concentrations of C, M and B, respectively, and if 
m, and b, are the concentrations of M and B in the absence of complex formation, 
then the equilibrium constant (with activity coefficients assumed equal to unity) 
is given by 

K = c/mb = (my — m)/m(b, — my + m) (2) 


In this work, concentrations of alcohol and base have been selected to insure that 


b, > Mp», m (3) 
Then 
K = (m, — m)/mb, (4) 


AK can now be found by measuring the optical density D of the band due to the 
OH stretching vibration of the aleohol monomer (3620-3640 em~') [2]. Two measure- 
ments are necessary, one of a solution containing B and M, the other containing 
only M. If the molar absorption coefficient is x and the cell length d, then in the 
solution containing VW and B, D = amd, and in the solution containing only M, 
D, = «md. Then 

(m, — m)/m — (Dy D)/D (5) 
and 


K = (D, — D)/ Db, (6) 


It is interesting that m, does not appear explicitly in the expression for A pro- 
vided that the condition given by equation (3) is met. However, the derivation is 
based on the assumption that, in the absence of complex formation, m, is identical 
in the experiments with and without base. If process (1) were the only means by 
which the concentration of monomer is reduced, then m, could be equated with the 
total formal concentration of alcohol. Formation of aleohol dimers and polymers 
will invalidate this assumption. It can be shown, however, that, at the low total 
concentration of alcohol used here (0-02 M), the equilibrium constants calculated 


[5] L. F. Freser, Experiments in Organic Chemistry. Heath, New York (1941); A. WrIssBeERGER 


(Editor), Organic Solvents. Interscience, New York (1955). 
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from (6) can be corrected for self-association of alcohol by dividing A from (6) by 
g, the fraction of alcohol in the form of monomer at a total concentration of 0-02 M 
with no base present. Values of g were taken from data obtained earlier (2). The 
correction in A from this effect ranges from 0-2 per cent (for methanol at 60°C) to 
15 per cent (for t-butanol at —10°C).* 

Fig. | shows the spectrum in the 3-4 region of a typical aleohol—base mixture. 
The sharp band at 3643 em~! is due to methanol and the broad band at 3517 em~! 


ABSORBANCE 


| 
| 


3200 3400 3600 3800 
FREQUENCY (CM™') 
Fig. 1. Spectrum of solution containing 0-19 M methanol and 0-49 M dioxane in (‘¢ l, 


Cell length 5-03 mm; temperature 24°C; compensation with 5-03 mm cell containing 
0-49 M dioxane in CC1,. 


is attributed to the OH stretch of the methanol-dioxane complex. The breadth of 
the complex band causes it to overlap the monomer band and lead to an apparent 
optical density of the latter that is too large. We corrected for this overlap by using 
an electronic curve analyzer [6] to generate functions that approximate the true 
components and give a reasonable fit at the peaks of the bands and the region of 
overlap. It was not possible to generate a fit to the entire curve since the complex 
band appears in many cases to be quite asymmetric. The error in measuring the 
monomer peak optical density by this procedure is probably about — 0-01 

Fig. 2 shows a plot of equilibrium constants as a function of temperature for 
typical alcohol-base systems. The values of A were computed using monomer 
optical densities corrected for overlap, and the resultant equilibrium constants were 
corrected for self-association of alcohol. The enthalpy change of complex formation 
was calculated from the slope of the log A vs. 1/7 curve, and the entropy change of 
the reaction was then calculated from the usual thermodynamic relations. Values 
of these quantities for all systems studied are given in Table 1. 

* The details of the derivation of this correction factor are not reproduced here but will be supplied by 


the author upon request 


6) F. W. Nosie, J. E. Haves, Jr. and M. Everex, Proc. 1. 47, 1952 (1959) 
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Infrared studies of hydrogen bonding in aleohol—base systems 


The difference in frequency between the maxima of the monomer band and the 
complex band, designated Av, and the width of the complex band at half maximum 
intensity, ¥;, are given in Table 1, and plots of typical data are given in Figs. 3 


and 4. Ay is seen to vary significantly with temperature, while »,, is virtually 
independent of temperature. The integrated intensity B of the complex was measured 


with a planimeter. Overlap of monomer and complex bands was eliminated as 


described above. The range of integration extended over the region where there 


was apparent absorption (usually from three to four times »,,), but no corrections 


were made for possible wing absorption [7]. B varies markedly with temperature as 
expected from the temperature dependence of K. Using the optical density of the 


Vv 


v 
in 2. 2 


| Pyridine 
@ Dimethy!formomide 
50 Fr © Dioxane 7 
© Acetone 


© Benzophenone 
ie) 20 40 60 
TEMPERATURE (°C) 
Fig. 4. Plots of Vi/e VS. T for bands due to ethanol compl Xes. 


monomer band (corrected for overlap), we have calculated the number of moles of 
alcohol present in the form of the complex in each experiment and from these data 


found the integrated molar absorption coefficient for the complex, B°.* A plot of 


B’ vs. temperature for typical data is shown in Fig. 5. B® increases significantly with 


decreasing temperature. Table 1 lists values of Av, »,. and B® at 25°C, together 
with the rate of change of Avy and B® with temperature over the range from ore 
to — 60°C. 


Discussion 


Thermodynamic quantities 


Probably the most interesting of the thermodynamic quantities determined in 


this work is AH, which is assumed to be primarily a measure of the hydrogen bond 


energy. It is estimated that the determinations of A// are accurate to about — 0-4 


keal/mole. The accuracy is limited by photometric reproducibility and accuracy, 


and especially by the somewhat subjective treatment of the overlapping absorption 


bands of monomer and complex. Considering this limitation in accuracy, we can 


detect no significant trends in AH/ for the three alcohols interacting with a common 


base. Among the bases there are clear differences, with acetone, ethyl! acetate, 


in calculating B’. 


\ correction has been applied for the variation with temperature of the density of the solvent. 


7 D. A. Ramsay, J liom. Chem Soc, 74, 72 (1952). 


* The correction for self-association of the aleohol was found to be negligibk 
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benzophenone and dioxane generally covering the region 2-5-3-2 keal/mole, while 
dimethylformamide and pyridine are distinctly higher—near 3-9 kcal/mole. It is 
noteworthy that these values of — AH are significantly lower than the 5-9 kcal/mole 
of dimer found previously for methanol, ethanol and t-butanol [2, 3], and tend to 
support the conclusion that the aleohol dimers are cyclic with two H-bonds per 
dimer {2}. 

Among the few comparisons that can be made with previously reported values of 

AH for aleohol-base systems, value of “<3” kcal/mole for methanol- 
dioxane [8] is consistent with our value of 2-8 kcal/mole, while his value of 3 kcal/mole 


Pyridine 

@ Dimethyl formamide 
© Acetone 

Benzophenone 


-10 20 40 60 
TEMPERATURE (°C) 


Fig. 5. Plots of integrated intensity, B®, vs. 7 for methanol complexes. 


for methanol—pyridine [8] is considerably lower than our 3-9 keal/mole. Other 
aleohol-base systems for which AH has been reported are transdihydrocryptol 
dioxane, 3-2 + 0-3 keal/mole [9]; benzyl aleohol-dimethylformamide, 4-5 +. 0-5 
keal/mole [10] (both close to our values for these bases); and benzyl alcohol— 
dioxane, 2-1 keal/mole [11] (lower than our values for dioxane complexes). 

Values of — AS range from 7 to 13 e.u. (based on K in liters per mole), in reason- 
able agreement with entropy changes in similar systems [1]. The general parallelism 
between values of AH and AS noted by PrMentTeLt and McCLEeLian [1] appears to 
apply here also, although the best straight-line correlation of our AH-—AS data for 
the aleohol—base systems does not coincide with their line for other systems. 

Comparisons among the equilibrium constants at 25°C show that for a given 
base the constants for complex formation invariably decrease in the order: methanol, 


8} M. Tswror, J. Chem. Soc. Japan, Pure Chem. Sect. 72, 146 (1951) (quoted in [1}). 
9} A. R. H. Coie and F. Macrrrenre, Spectrochim. Acta 15, 6 (1959). 

10) M. Sr. C. Fier, J. Soe. Dyers Colourists 68, 59 (1952) (quoted in [1}). 

11) J. J. Liyppere, Soc. Sci. Fennica 20, 5 (1957) (quoted in [1}). 
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Infrared studies of hydrogen bonding in aleohol base svst« mis 


ethanol, t-butanol. On the other hand, the equilibrium constants for dimerization 
of the alcohols increase in this order [2]. These trends are consistent with the usual 
concepts of acidity and basicity. Substitution at the carbinol carbon reduces the 
proton-donating capability (acidity) in the expected order methanol, ethanol, 
t-butanol and, of course, enhances the proton-accepting power (basicity) in the 
same order. In the alcohol dimers the latter effect evidently predominates. 


Spectral properties 
Our data show a consistent and nearly linear increase in Avy with decreasing 


temperature. Similar behavior was reported previously for alcohol dimers [2] and 


polymers [12] and is consistent with the suggestions made previously that this 
behavior results from a redistribution of molecules among the energy levels of a 
linear hydrogen bond [12] or from a redistribution among various configurations 
involving bent hydrogen bonds [13]. The temperature variations range from 0-16 
to 0-71 em~'/°C, in reasonable agreement with Frxcu and Liprrncort’s semiquantita- 
tive calculated range of 0-20 to 0-64 em=1/°C [12]. 

The increase in B® with decreasing temperature found in the present study is 
consistent with similar results obtained by Frxcnw and Lirprxcorr for alcohol 
polymers [12]. Although there may be some ambiguity in interpretation of their 
work because of possible coexistence of several polymeric species, the present data 
can be interpreted unequivocally as an increase in integrated absorption coefficient, 
since only one principal hydrogen-bonded species is involved. (The small amount of 
alcohol self-association in the presence of base in these experiments does not materi- 
ally affect this conclusion.) A small change in B® (ca. 4 per cent) probably results 
from the temperature variation in solvent refractive index [14], but the major 
portion of the observed change evidently arises from the specific hydrogen-bonding 
interaction and is interpretable in terms of changes in H-bonded distance or 
configuration [12, 13]. 


Correlations of spectral and thermodynamic quantities 

Hueerxs and PimMenter |15] (hereafter referred to as H—P) found for a wide 
variety of H-bonded systems a correlation between Av and AB?®, the difference in 
B® between monomer (in CCI,) and the H-bonded species. Their curve, reproduced 
in Fig. 6, is linear for Avy < 180 em~!, a region which includes all our data except 
those for the pyridine complexes. It is apparent from Fig. 6 that there is a correlation 
applicable to our data for 25°C. In order best to visualize this correlation and to 
investigate any change with temperature, we have fitted our data at —5°C, 25°C 
and 55°C (for the fifteen systems for which Av < 180 em~') to a least-squares 
straight line through the origin. These lines are not necessarily the best straight 
lines that could be obtained using a two-parameter fit (although they are close), but 
in view of the scatter of data and the expectation that such a correlation would pass 


| J. N. Foxen and E. R. Liepincorrt, J. Phys. Chem. 61, 894 (1957). 
| M. van Turret, E. D. Becker and G. C, Pimenre., J. Chem. Phys. 27, 95 (1957). 
| W. B. Person, J. Chem. Phys. 28, 319 (1958). 

| C. M. Hueerns and G. C. Piwenrer, J. Phys. Chem. 60, 1615 (1956). 
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through the origin, we feel that a better comparison can be made with this type of 
plot. The equations of the lines are: 

—5°C : AB® = 239Ar 

25°C : AB® = 225Ar 

55°C : AB® = 206Ayr 
(The average deviations of the points from these lines are in the range 10-12 per 


cent.) The increase in intensity on H-bond formation is thus seen to be somewhat 


| 


L 


0 100 200 300 
-! 
Fig. 6. Increase in intensity on H-bonding, AB®, vs Ay for eighteen aleohol-base complexes; 
lata interpolated at 25°C; correlation of Hueeres and PIMENTEL {15}; 
straight line through origin fitted by least squares to data for Ap 180 em~? 


more sensitive to temperature change than the frequency shift. Our results are in 
veneral agreement with the H—P correlation of AB® and Av, and the discrepancy 
between their curve and our 25°C correlation is considered negligible in view of 
experimental uncertainties and difference in experimental conditions. 

H—P also found a rather good linear correlation, over a wide range, between 
vy, . and Ay, as shown in Fig. 7. Although our data at 25°C lie in the general vicinity 
of the H—P line, the deviation of our points from that line is significantly greater 
than the deviation of the points H—P used in deriving the line and is far above any 
experimental error. This discrepancy is especially noticeable in the data for the 
twelve systems in which the base contains a C—O group. The standard deviation 
of these twelve points from the H—P line is 30 cm~!, compared with a standard 
deviation of 12 em~ for all the points H—P used to define the line; moreover, all 
twelve points lie above the line. A least-squares fit to these twelve points gives the 
line shown in Fig. 7 which is almost parallel to the H—P line, but is about 35 em~' 
translated from it. Evidently, variations among individual H-bonding systems 
cause somewhat greater changes in the relation between these spectral properties 
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T 


0 100 200 300 
Av 
Fig. 7. 2 vs. Av for eighteen aleohol—base complexes; data interpolated at 25°C: -~-- 
correlation of HuGGrns and Pimenvet [15]; straight line fitted by least squares to 


twelve data involving C—O group in base. 


/MOLE) 


AH(KCAL 


200 


100 


Fig. 8. Enthalpy change for formation of H-bonded system, AH, vs. Ap (25°C). . data for 
aleohol base complexes; A, data from Pimt NTEL and Mc CLELLAN (p. S6) for other H -by nd- 
ing systems; correlation proposed by Bapcer and Baver | 16). 


than might have been expected in view of the remarkably good H-P correlation. 
Possibly additional experience with accurate data will permit such variations to be 
used for diagnostic purposes in determining the type of base or site of H-bonding 
interaction. 

The present data furnish a test of the linear relationship between AH and Ap 
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proposed by Bapcer and Baver [16]. Fig. 8 shows a plot of our data, with values 
of Ay taken at 25°C. The points representing the fifteen O—H - - - O complexes are 
fairly close to the BapGER-BaveEnr line, although a curvilinear relation or a straight 
line of lower slope would provide a better correlation with our data. The points for 
the three pyridine complexes fall far from the line. Prmentet and McCLe.ian [1] 
found a number of other exceptions to the BapGER-BAveEr relationship (including 
O—H --- Osystems). Some of these are indicated in Fig. 8. Although Av generally 
increases as A// increases, there seems to be no accurate correlation applicable to 
all H-bonding systems. Additional accurate data are needed to determine whether 
more restrictive quantitative correlations can be established for various types of 


H-bonding systems. 


w 
2 
J 
a 
= 
= 


i 


400 800 1200 
B° 


Fig. 9. Enthalpy change for formation of H-bonded system, AH, vs. intensity of absorption 


band of complex, B® (25°C): . data for eighteen alcohol- base svstems; . data for othe 
| : 


H-bonding svstems listed in Table 2; straight line fitted by least squares (see text). 


The general relationships between A// and Av and between Av and », , suggest 
that a correlation might be found between AH and y,,. Indeed our data for all 
eighteen systems (including the pyridine complexes) do show a reasonable correlation 
between AH and »,,, but since our results cover only a narrow range of AH, the 
generality of this relation cannot be assessed. An equally good correlation exists 
between A// and B®, as shown in Fig. 9, where we have plotted our data for all 
eighteen alcohol-base systems, as well as data collected from the literature for a 
variety of H-bonding systems. These latter data, which are listed in Table 2, may 
vary widely in accuracy. It is apparent from Fig. 9 that our eighteen alcohol—base 
data pius nine of the twelve additional data fall reasonably close to a straight line, 


16) R. M. Bapcer and S. H. Baver, J. Chem. Phys. 5, 839 (1937); R. M. Bapeer, Ibid, 8, 288 (1940). 
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and a least-squares treatment with these twenty-seven points gives a line with the 
equation 
AH = 4:33 » 10-4 B® + 1-83 keal/mole 


The standard deviation for these twenty-seven data is 0-41 kcal. The three remaining 
data (for phenol-pyridine, pyrrole-pyridine and phenol-ether) were excluded from 
the least-squares treatment since their deviations are, respectively, 11, 4-5 and 4 
times the standard deviation of the remaining data. This interesting relation gives 
quantitative support to the suggestion that B® is a measure of H-bond strength. 


BS 


Table 2. Enthalpies and intensities of some H-bonded systems 


Donor Acceptor AH B® 
160 
840 
500 
803 

1240 
280 

1800 
890 

60 
740 
540 
440 


Phenol Benzene 


& 


Ethyl acetate 
Acetonitrile 

Diethyl ether 
Hexamethylenetetramine 


te 


Chlorobenzene 

Pyridine 
Pyrrole Pyridine 
Chloroform Acetone-d, 
Acetic acid Dimer (in CC1,) 
Methanol Polymer 
N-Ethyl-acetamide Polymer 


orbs ote 


~ 


* All values of AH selected from tabulation in {1}, pp. 350-363. Values of B® from following sources. 
Tabulation in [1], p. 102. 
N. Fuson, P. Prveav and M. L. Josten, J. chim. Phys. 454 (1958). 


R. C. Lorp, B. Nourw and H. D. Stipnam, J. Am. Chem. Soc. 77, 1365 (1955). 
2). 


« 


* Value given for AH is for N-methylacetamide (in benzene). 


The limitations of the exact relation derived here should be carefully kept in mind, 
since it represents a two-parameter fit of data relatively limited in scope. In particu- 
lar the linear relation may not be applicable to stronger H-bonds and certainly is 
not applicable to very weak bonds. Additional accurate data will be needed to 
assess the generality and limitations of this correlation. 
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Abstract—A comparison has been made of the infra-red spectrum of aluminium, gallium and 
indium tris-acetylacetonates. Metal-oxygen vibration modes have been discussed and the 
metal-oxygen stretching frequency has been assigned for Al-——O, Ga—O and In—0O bonds in 
these complexes. 
Introduction 

SEVERAL authors have studied the infra-red spectra of metal acetylacetonates in the 
NaCl region. However, recently the attention in these studies was mainly on the 
metal-oxygen vibration modes. Nakamoro ef al. [1] for the first time investigated 
the dependence of some low-wavelength absorption frequencies of /-diketones metal 
complexes on the nature of the metal atom. Nakamoto and MARTELL [2] carried 
out a normal co-ordinate treatment on cupric acetylacetonate and confirmed their 
earlier assumption that the frequency at 455 em~' is associated with a metal-oxygen 
symmetric stretching vibration. An interesting result of their normal co-ordinate 
calculations is also that the two bands at 684 cm~! and 654 em~' formerly suggested 
to be metal-oxygen stretching modes are in fact metal-oxygen stretching vibrations 
coupled with ring deformations and C—CH, bending modes, respectively. Assuming 


Urey—Bradley potential field [3] they obtained for Cu—O bond a force constant of 


2-25 » 10° dyn/em, which is somewhere between the force constant of Ni—C bond in 
Ni(CO), and Fe—C bond in (Fe(CN),)*~, implying a partial double-bond character 
of the Cu—O bond. 

Discussing the Jahn-Teller effect in manganic acetylacetonate, FoRMAN and 
Orcet [4] found similarly substantial differences in the spectra of chromium, 
manganese, iron and aluminium tris-acet vlacetonates below 650 em~'. On comparing 
the corresponding bands of chromium and aluminium complex, they believe the 
available evidence favours the view that the frequencies at about 450 cm~' in these 
tris-acetylacetonates contain a large contribution of M—O stretching mode. 

The metal-oxygen stretching frequencies of these compounds are very interest- 
ing, since they are closely related to the stability of the chelates and provide useful 
information about the metal-ligand bonds in these complexes. A complete theoreti- 
cal vibrational analysis of such a complicated system as tervalent acetylacetonates 
is very difficult. Some simplifying assumptions about the structure and the force 
field have to be introduced even for very detailed calculations. In this way it is 

K. Nakamoro, P. J. MacCarruy and A. E. Marre.y, Nature 183, 459 (1959). 

K. NAKAMOTO an E. Marreny., J. Chem. Phys. 32, 588 (1960), 


T. SHrManovct em. Phys. 17, 245, 734, 848 (1949) 
4) A. Forman and L. E maeL, Mol. Phys. 2, 362 (1959 


4458 


VOL. 
17 
196) 


4 

’ 


Metal—oxygen vibration modes in the infra-red spectra of Al, Ga and In tris acetylacetonates 


difficult to estimate the errors introduced, which can easily amount to the magnitude 
tolerated in crude treatments, at least for some critical constants. 

Aluminium, gallium and indium tris-acetylacetonates are convenient for a 
qualitative analysis, since the metals belong to the same group in the periodic 


system and have similar chemical character. The compounds are neutral complexes 
and their crystal structures are also isomorphous [5]. No ligand effects are expected 
to deform appreciably the closed shell of these non-transition metal ions of 2 s? p*, 


3d and 4d" electronic configuration for aluminium, gallium and indium, respec- 
tively. Therefore it can be hoped that the differences in the spectra of these complexes, 
which are due to increasing masses of the metals as we pass from Al to In, will be 
established. 

In the present work the infra-red spectra of tris-acetylacetonates of aluminium, 
gallium and indium have been examined. In the discussion the emphasis is on the 
metal-sensitive frequency bands. 

Experimental 

Aluminium [6], gallium [7] and indium [8] tris-acetylacetonates were prepared 

and recrystallized according to the methods described in the literature. 


Spectral measurements 


The absorption frequencies observed for these compounds are shown in Tables 


OL. 1 and 2. Spectra in the region of 3000-650 em-! are shown in Fig. 1. Spectra 
17 in the region of 650-400 em~! are shown in Fig. 2. A Perkin-Elmer model 221 


Table 1. The infra-red spectra of Al, Ga!!! and In"! acetyl- 


acetonates in the region 3000-650 


Al(C5H,04), Ga(C;H,0,), In(C;H,0.), 


(3012 
12959 
1595 
{1548 
11534 
(! 466 
1429 
1395 


1292 s 


1193 


{1029 s 


11018 


937 s 


776 


686 


{3021 vw 
12976 


1587 


1534 
{1406 


11385 
1285 
1198 
1024 


937 


m 


682 m 


{3012 vw 
12976 


L580 


153 


lis77 
1272 


1200 
1024 


931s 
{S05 vw 


m 


670 m 


(5) W. T. Astsury, Proc. Roy. Soc. (London) A 112, 448 (1926). 

[6] Beilstein’s Handbuch der Organischen Chemie Vol. 1, p. 781. Springer, Vienna (1918). 
{[7| F. M. Jancer, Proc. Acad. Sci. Amsterdam 33, 280 (1930). 

|8] G. T. MorGan and H. D. K. Drew, J. Chem. Soc. 119, 1059 (1921). 
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Table 2. The infra-red spectra of Al™, Ga"! and In" acetyl- 


acetonates in the region 650-400 com 
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Fig. 1. The infra-red spectra of (a) aluminium acetylacetonate, (b) gallium acetylacetonate 
and (c) indium acetylacetonate in the NaCl region 
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infra-red spectrophotometer equipped with a NaCl prism was used to obtain the 
spectra shown in Fig. 1. For the spectra in the region of 650-400 em-! a Perkin 
Elmer model 12 single-beam infra-red spectrophotometer equipped with a KBr 
prism was used. The KBr disk method was used for the preparation of all the 
samples. 


tonate, (I 


KBr 
Results and discussion 


In the region of 3000-650 the spectra of Ga!!! and acetylace- 
tonates are almost identical (see Fig. 1 and Table 1). This is not surprising since the 


absorption bands in this region are mainly due to acetylacetonate ligands, which one 


expects not to be affected strongly by the chelation to different metals. 

However, the spectra in the region 650-400 cm~-' are more characteristic 
for each compound, showing on a comparison larger differences in band positions. 
Sharp doublets at 686, 657 em~'; 682, 655 cm~! and 670, 651 cm~! for aluminium, 
gallium and indium, respectively, are slightly metal-sensitive. Strong absorption 


bands (a doublet in aluminium complex) at 594, 577 em~!, 581 em~! and 571 em=! 
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for aluminium, gallium and indium, respectively, are also slightly metal-sensitive. 


Thev shift by about 20 cm! as we go from aluminium to gallium and indium. 


At somewhat lower wavelength aluminium acetylacetonate shows a strong absorp- 


tion band at 496 em~'!, gallium a medium strong one at 446 cm~!, whereas indium 


acetylacetonate gives a weaker band at 434cm~'. All three metal acetylacetonates 


have a weak absorption at 425 em~' and 414 em~', probably due to the ring-deforma- 
tion vibration and bending 


Obviously the difference in the spectra of Al(AcAc),, Ga(AcAc), and In(AcAc), 


modes. 


in the region 650-400 em~! has to be ascribed to the effect of the presence of 


different metal atoms. ‘‘Metal-sensitive” absorption frequencies can be conveniently 
grouped into bands which shift slightly, about 20 em~', in different metal complexes, 
and bands which are more strongly affected by changing the metal, the shift being 
about 60 em~!. It is not possible to discuss the nature of the vibrational modes 
associated with these bands in some detail, without going into extensive normal 
co-ordinate calculations. However, it is reasonable to suppose that a vibration 
involving a M—O stretching mode would be more sensitive to the mass effect of the 
metal ion than a vibration involving bending motions of the six-membered chelate 
rings, which change the O—M-—O angles. Therefore slightly metal-sensitive 
frequencies should be associated with M-—-O modes which are strongly coupled to 
other vibrations, especially to C—CH, bending and ring deformation [2]. The bands 
with a large shift are due to M—O stretching modes. These vibrations are believed 


not to be coupled significantly with other bands, and in accordance larger shifts of 


the frequencies indicate considerable contribution of the metal atoms to the vibration 
motion. The frequency bands at 496 em~! for the aluminium complex, the one at 
446 cm”! for gallium and 434 cm~! for indium acetylacetonate are therefore assigned 
to Al—O, Ga—0O and In—0 stretching frequencies respectively. 

NakAMoTO and MARTELL [2] used in their normal co-ordinate treatment a simpli- 
fied model: only a six-membered metal-acetylacetonate ring of C,, symmetry was 
considered. In this way the molecule was reduced toa 1 : 1 complex. This assumption 
is reasonable for most of the vibrational modes except the M—O vibrations. Then 
it is plausible to transfer many of their assignments directly to tris-acetylacetonates. 
The M—O vibrational modes of different acetylacetone rings will be, however, 
coupled together. The coupling nature of these vibrations will differ in planar 
bis-acetylacetonates and octahedral tris-acetylacetonates of D,-symmetry; in the 
latter it is expected to be more complex. However, comparing the spectra in the 
region 650-400 em~! of bis- and tris-acetylacetonates, similar metal-sensitive 
vibrations are found. The two groups of bands which are only slightly metal sensitive 
correspond to metal-oxygen vibrations coupled to ring-deformation and bending 
vibration at 684 cm~!' and 654 cm~! in bis-acetylacetonate. The strongly metal- 
sensitive vibrations below 496 em~! correspond to NaKAMOoTO and MARTELL’s almost 
pure stretching frequency of the Cu—O bond at 455 em~". 

It would be interesting to investigate the effects of mass, bond length and 
electronegativity of the metal atoms on the force constant and the stretching 


frequencies in some detail. However, such a study is not possible at present. The 


discussion will be restricted to a comparison of the relation of the M—O stretching 
frequencies in these molecules to the reduced mass of the metal-oxygen system. 
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The elements aluminium, gallium and indium differ considerably in their masses. 
These are 27, 70 and 115, respectively, thus approximately doubled as we go through 
this series. Such a pronounced difference can be expected to lead to the main 
contribution causing the respective M—O stretching frequency shifts. Neglecting 
the vibrational coupling of different metal-oxygen bonds, the simple relation for the 
force constant of a diatomic molecule (k = 5-89 « 10-2 yw.» dyn/em) [9] can be 
applied to this case for a comparison. Force constants obtained in this way for Al—O, 
Ga—0O and In—0O bonds are 1-45 105, 1-53 10° and 1-56 105 dyn em, respectively. 
This can be compared with the value 1-24 » 105 dyn/em, obtained for the Cu—O 
bond in cupric acetylacetonate, calculated under the same assumptions. It is true 
that the coupling of M—O bonds will affect these values to a larger extent. as 
shown by Nakamoto and MarTELL [2], who obtained a force constant of 2-5 x 105 
dyn/em for the Cu—O bond. However. one expects such a coupling to give a 
parallel shift of force constants, thus not to change their relative positions, at least 


in tris-acetylacetonates of the same symmetry and chemical character. From the 


approximately constant values of force constant for Al—O, Ga—O and In—-O 
bonds, one concludes that these bonds are very similar in their electronic structure. 
The most important factor influencing the bond stretching frequency in these 
covalent acetylacetonates is the mass effect of the central metal atom. 


Acknowledgements—The author wishes to thank Dr. D. Jeremic. Technological Institute, 
Belgrade, for aid in obtaining the spectra in the KBr region, and Dr. M. Ranpié for helpful 


discussion. 
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Abstract—The infra-red and Raman spectra of N-trimethylborazole were recorded and major 
observed frequencies were assigned to various modes of vibration. The infra-red spectrum was 
found to be lite different from that reported in the literature. A possible reason for this 


disagreement is suggested 


Introduction 

N-TRIMETHYLBORAZOLE Was first synthesized by SCHLESINGER ef al. |1] and was 
extensively studied by Wipere ef al. [2, 3] Later, Hoven ef al.{ 4] as well as 
Hounstepr and Haworrnu [5] succeeded in finding a new method of synthesis, 
which facilitated the studies of this type of compound. The infra-red spectrum of 
N-trimethylborazole was recorded by Price ef al. [6), who carried out nearly com- 
plete assignments of frequencies observed in the vapour phase. No reports have 
ever been published on the Raman effect of this compound. Ina series of investiga- 
tions on the infra-red absorptions of borazole and its derivatives |7, 8], we have 
calculated the distribution of potential energy among various internal co-ordinates 
for each normal mode of vibration of the molecules of borazole and some of its 
derivatives. The results have shown that the infra-red spectra are helpful in con- 
firming the presence of a borazole ring in newly synthesized borazole derivatives. 

In the course of physicochemical investigations of borazole and its derivatives 
%-11}], we have recorded the infra-red spectrum of N-trimethylborazole for the 
purpose of identifying the sample and compared the spectrum with that reported 
by Price ef al. Contrary to our expectation, the agreement was poor, the disagree- 
ment being so great over the entire frequency range studied as to suggest that the 
difference was due to a sample erroneously assumed by either group of investigators 
to be that of N-trimethylborazole rather than to experimental technique or condi- 
tions en ploved In the present study it was attempted to resolve this difference by 
reinvestigating the previously determined spectra both in the liquid and in the 


D. M. Rerrer and A. B. Bure, J. Am. Chem. Soc. 60, 1296 (1938) 
rTwie and A, Bowz, Z. anorg. Chem. 256, 177 (1948). 
schaften 35, 182, 212 (1948 
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gaseous state, adding data for samples prepared by different methods. It was found 
that specimens prepared by Hoven ef al.’s method and by Hounstept and 
HawortTh’s procedure, as well as that furnished by Dr. R. Scuarrrer of Indiana 
University for our use, gave infra-red spectra identical with each other. The melt- 
ing point of our sample was —7-5°C and the boiling point was 133°C, in good 
agreement with data found in the literature [1, 2, 4].* For these reasons, we were 
led to presume that our sample was a veritable one and have undertaken the assign- 
ments of frequencies observed in our spectra to various modes of vibration. 


Absorption measurements 


The infra-red spectra were recorded over rock-salt, potassium bromide and 
valcium fluoride regions using both an infra-red spectrometer of type H-800 from 
Hilger and a DS-301 type spectrometer from the Optical Research Institute, Tokyo 
Kyoiku University. The Raman spectrum was determined by means of a Raman 
spectrometer constructed in a similar manner to those employed by MizusHima 
and co-workers [12]. 


Results and discussion 


Table | presents the observed frequencies of this compound along with the 
| 
assignments of major bands to various modes of vibration. 


Strong bands at about 2948 and 2515 em~ appearing in both the infra-red and 
Raman spectra were assigned unequivocally to the C—H and B—H stretching 
modes, respectively.t Two very strong absorptions were present in the wavenumber 
range where a band characteristic of a borazole ring appears. Of these two 
bands, one observed in the vapour state at 1417 cm=! rather than the other at 
1470 cm~' was assigned to the B—N stretching vibration for the following reasons. 
In the first place, the band characteristic of a borazole ring in borazole derivatives 


[7, 8] is not likely to appear beyond 1465 em~'!, the wavenumber of the corresponding 


band of borazole. This is because the characteristic band shifts, as a rule, to the 
longer-wavelength side with increasing weight of substituents for hydrogen of a 
borazole molecule, those of N-trideuteroborazole, hexamethylborazole and B-tri- 
chloro-N-trimethylborazole being found at 1436, 1402 and 1392 cm-!, respectively. 


Secondly, the degenerate deformation vibrations of methyl groups are known to 


appear at about 1460 cm~!. The symmetric deformation vibration also is expected 
to appear in the vicinity depending on the electronegativity of atoms bonded to the 
methyl groups [13, 14]. Damry and Suootery [15] have studied the proton mag- 
netic resonance spectra of an ethyl group in C,H, X type compounds and found that 
the difference between the chemical shift of methyl protons and that of methylene 


* Price et al. (6) give no description of the physical properties other than the infra-red absorptions 
of their sample. 

t Unless otherwise stated, numerical values are given of the infra-red absorptions of the liquid. The 
corresponding bands observed in the vapour state and the counterparts in Raman frequencies having 
slightly different wavenumbers are given along the same lines in Table 1. 

{12] S. Mizusuima, Structure of Molecules and Internal Rotation. Academic Press. New York (1954). 
[13] W. J. Lenmann, C, O. Witson, Jr. and I. Suartro, J. Chem. Phys. 28, 777 (1958). 

14] L. J. Betitamy, The Infra-red Spectra of Complex Molecules. John Wiley, New York (1958). 

[15] B. P. DatLey and J. N. SHootery, J. Am. Chem. Soc. 77, 3977 (1955). 
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Table 1. Infra-red and Raman spectra of N-trimethylborazole* 


Infra-red 
Raman 
liquid) NaCl, KBr CaF,, NaCl 


(liquid ) (vapour) 


Assignment 


sh w 


2948 

2900 stretching 

2866 sh 

2616 

2565 

2515 H stretching 

2455 

L586 

1550 

1500 

1481 | Degenerate and syinmetric 
1460 1458 \N-—CH, deformation 
1408 1411 B—N stretching 

1402 

378 

1352 

1339 

1311 

270 stretching 


1066 : N— CH, rocking 


949 Ring deformation 


914 Non-planar B-—H bending 


Planar B—H bending 


278 
165 
113 


a0 


* Shoulders are indicated by sh. Intensities are graded by vs for very strong, s for strong, fs for 
fairly strong, m for medium and w for weak. 

In addition, thirteen weaker infra-red absorption peaks were observed in the liquid state and three 
shoulders of minor importance were found in the vapour state. 
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protons is in linear relation to the electronegativity of an atom directly linked to the 
ethyl group. 
EN 


0-695[0(CH,) — 6(CH,)] 1-7] 


The value of 4(CH,) O(CH,) was found to be 2-4-2-6 p.p.m. for ethyl groups 
bonded to nitrogen atoms in hexaethylborazole, B-trichloro-N-triethylborazole 
and B-trimethyl-N-triethylborazole [10]. The electronegativity of nitrogen in a 
borazole ring is thus calculated as 3-4-3-5, which leads to an expected wavenumber 
of 1460 cm~! for the symmetric deformation vibration of methyl groups in N-tri- 
methylborazole. Lastly, the band at 1470 cm~', especially in the spectra of the 
liquid and solutions, showed the splitting of the peak, indicating the composite 
structure of this band. For these reasons, this band was interpreted as the super- 


position of the degenerate deformations and the symmetric deformation of methyl] 


groups. 

In the low-wavenumber region, there are still three bands of considerable inten- 
sity at 870, 914 and 1066 em~, while the planar B—H bending, the non-planar 
B—H bending and the N—CH, rocking are expected to absorb in this region. The 
band at 1066 em~! was assigned to the N—CH, rocking mode, because the 
wavenumber was close to ca. 1042 em~!, the rocking frequency of methyl groups 


bonded to an aromatic ring {14],as observed also for hexamethylborazole and 
3-trichloro-N-trimethylborazole [7]. This assignment is also supported by the 
fact that each of the other two bands has a shoulder on the high-wavenumber side 
suggesting the effect of boron isotopes, whereas this band showed no such 


complication, because methyl groups are not directly bonded to boron. Since the 


wavenumber of this band appeared also in the Raman effect it is not feasible 
to assign this band to the non-planar B—H bending vibration belonging to the 


species A,”. 

Of the two B—H bending vibrations, the band at 870 cm-! was assigned to the 
planar vibration while the other at 914 cm~! was assigned to the non-planar vibra- 
tion for the following reasons. First, the former was subject to the solvent effect 
to a considerable extent, as was also the case with a band of borazole at 918 em=! 
and that of N-trideuteroborazole at 899 em=, both of which have already been 
ascribed to the planar B—H bending mode [8]. Secondly, observations on related 
compounds have shown that the frequency of the planar B—H bending vibration 
is smaller and the intensity is greater than those of the non-planar bending vibration. 

The wavenumber of 936 em~! observed in the Raman spectrum corresponds to 


v, of borazole equal to 938 em~! and was interpreted as arising from the svmmetric 
3 | i 


deformation of a borazole ring belonging to the species A,’. The assignment is 


reasonable, because vibrations belonging to this species are expected to show a high 


intensity in the Raman effect and also because the calculated distribution of poten- 


tial energy among various internal co-ordinates predicts inappreciable frequency 
shifts taking place on the replacement of hydrogen atoms in a borazole molecule 
with various substituents. Another Raman frequency observed at 951 em-! was 
presumed to be due to the presence of a less abundant boron isotope !°B in the ring, 
which reduces the trigonal symmetry of an N-trimethylborazole molecule involving 
only the more abundant isotope "B. As a result, a very weak absorption was 
observed at 949 cm~! in the infra-red spectrum of the liquid. 


457 


17 | 
17 
961 


HARUYUKI WATANABE, YoKO Kuropa and Masasi Kvso 


Apart from numerical disagreements, the major difference between the results 
of the present investigation and those obtained by Price et al. lies in the assign- 
ments of the B—H bending vibrations. Stressing the importance of large repulsions 
from methyl! groups, Price ef al. assigned the bands at 1107-5 and 1056-2 em=! to 


the in-plane deformation modes of B-—-H bonds. These wavenumbers are higher 
than 894-4 cm~! assigned by these authors to the out-of-plane vibration of the B—H 
bonds. On the other hand, we have assigned a band at 1066 em~! to the N—CH, 
rocking mode and interpreted a strong band at 870 cm as the planar B—H 
bending. The wavenumber of this bending vibration is lower than 914 em= as- 
signed by us to the non-planar B—H bending. Mention should be made here that 
the adequacy of assigning a high-number band to the non-planar bending vibration 
has been confirmed by the analysis of the infra-red spectra of borazole and N-tri- 
deuteroborazole [8]. 
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Abstract 


absorption spectrophotometry, and the application of the method to the analysis of various 


The investigation of various factors affecting the determination of copper by atomic 


agricultural materials are described. Recoveries are given for the determination of copper in 


plants, soils, soil extracts and fertilizers. 


Introduction 


THE atomic absorption method of analysis, first described by Watsu ef al. [1, 2], has 


been shown to be eminently suitable for the rapid determination of magnesium [3], 


zine {4} and iron and manganese [5], and has been used extensively for the routine 


determinations of these elements in agricultural materials in this laboratory. The 


determination of copper has been briefly reported by Menzies [6] who showed that 


no interference was caused by the presence of lead in the analysis of brass. 


In the present paper, factors affecting the determination of copper are examined 


in detail and the application of the method to the analysis of agricultural materials 


described. 


Measurement of the copper absorption 


pparatus 


The general arrangement and operation of the apparatus has been described in 


detail in previous papers [3, 5]. Briefly, the solutions are sprayed into a flame, 


12 em in length, and the absorption of light by the copper atoms in the flame is 


determined. A hollow-cathode lamp with a copper or brass cathode, which emits 


the line spectrum of copper, is used as a light source and the intensity of the light, 


after it has passed through the flame, is measured with a medium quartz spectro- 


graph fitted with a movable slit and photomultiplier assembly which can be set at 


the desired wavelength. 


Ab sorption lines 


A series of copper solutions was sprayed into the flame and the absorption 


measured at the wavelengths of all the lines above 2000 A which end in the ground 


state. In Table | are given the relative sensitivities of these lines expressed as the 


concentration of copper in solution necessary to reduce the transmission of the flame 


to 90 per cent of that when distilled water is sprayed. 


fl) A. WaLsnH, Spectrocl m. Acta 7. (1955). 

2| B. J. Russevy, J. P. Swevron and A. Wausn, Spectrochim. Acta 8, 317 (1957). 
3) J. FE. ALLAN, Analyst 83, 466 (1958). 

4) J. Davin, Analyst 83, 655 (1958 

5| J. ALLan, Spectrochim. Acta 15, 800 (1959). 

{6} A. C. Menzies, Spectrochim. Acta 11, 106 (1957). 
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\s would be expected by analogy with the spectra of the alkali metals, the strong- 


est copper line in absorption, 3247-5 A, is the stronger line of the doublet arising from 
the first term of the series 3d'4p, *P),.. in combination with the ground state 3d'4s, 


2S... However, in addition to this series, the copper spectrum also contains a number 


of lines, ending in the ground state, but arising from energy levels associated with 


the electronic configuration 3d*4s4p [7], and it is interesting to find that the lines at 
2181-7 A, 2178-9 A and 2165-1 A, from the ?P° and 2° terms. have strengths of the 
same order as the strongest lines. The lines arising from the quartet levels of the 
3d*4s4p configuration are somewhat weaker in absorption and would be of limited 


analytical use 


ois Opper line sin 


Cu for 90°, T 


2492-15 
2441-64 
2244-27 


oon 
2181-72 
2178-04 


2024-54 Op Ipprox.) 


Lamp current 


\s mentioned in the earlier papers, a decrease in the current through the hollow- 
cathode lamp leads to an increase in analytical sensitivity, and in this work a current 
of 25 mA was used. Curves A and B in Fig. 1 show the increase in absorption 
obtained by reducing the current from 60 mA to 25 mA. 


T ype of flame 


Both air—acetylene and air-coal gas flames have been used with the 12-cm 
burner, the air supply and atomizer conditions being kept the same for both flames. 
\ small increase in sensitivity is obtained with the cooler coal-gas flame, as can be 
seen from curves B and C in Fig. 1. This is to be expected, as the expansion of the 
flame gases is less, and hence the concentration of atoms per unit volume is greater 
in the cooler flame: and further, the peak absorption is inversely proportional to 
the Doppler width of the absorption line and hence inversely proportional to 
T'*, The possible effect of an increase in temperature, leading to an increase in 
absorption by increasing the dissociation of molecular compounds into atoms, does 


not occur in the case of copper, as this element exists almost entirely in the atomic 


m 241, 297 (1949). 


f Standards (1952). 
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state over the temperature range covered by these flames [9]. For this reason also, 
the increase in absorption in a fuel-rich flame which is observed with elements which 
are not completely dissociated into atoms, e.g. magnesium [3], does not occur with 
copper. 


Effect of solvent 


The increase in sensitivity which occurs when organic solvents are used in atomic 
absorption spectrophotometry has been described by the present writer (10). The 


00 


Copper, p.pm 


Fig. 1. Absorption of the copper line at 3247 A, under different conditions. 
A.) Hollow-cathode lamp current 60 mA, solvent 0-1 N HCl. Acetylene flame. 
B.) Hollow-cathods lamp current 25 mA, solvent 0-1 N HCl. Acetylene flame. 
& Hollow-cathode lamp current 25 mA, solvent 0-1 N HCl. Coal-gas flame 
LD.) Hollow-cathode lamp current 25 mA, solvent ethyl acetate. Acetylene flam« 


greatest sensitivity is obtained when ethyl acetate or methyl isobutyl ketone is 


used, and the results obtained for copper, complexed with ammonium pyrrolidine 
dithiocarbamate and extracted into the former solvent, are shown in curve D. Fig. 1. 


M. Butewicz and T. M. Trans. Faraday Soc. 52, 1475 (1956). 
. E, ALLAN, Spectrochim. Acta 17, 467 (1961). 
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The use of ammonium pyrrolidine dithiocarbamate for this purpose is discussed more 
fully later. 


Interferences 

Unlike the elements previously examined (Mg, Fe, Mn, Mg and Zn) copper has 
the most sensitive lines in a region of the spectrum where emission from the flame 
is affected by a number of elements. Sodium and potassium emit a continuum in 
the region of 3300 A, and calcium appears to depress the flame emission at this 
wavelength, so that under some circumstances the presence of these elements could 
affect the measurement of the copper absorption. The extent of the interference 
depends of course on the relative intensities of the light reaching the spectrophotom- 
eter from the flame and from the hollow-cathode lamp, and hence on the particular 
arrangement used. Under the conditions of the present work, when the acetylene 
flame was used, the emission from 10,000 p.p.m. of sodium and potassium resulted 
in positive galvanometer readings equal to about 3-5 and 2-0 per cent of the full-scale 
deflexion, respectively, while 10,000 p.p.m. of calcium resulted in a negative reading 
of about 2-0 per cent of the full-scale deflexion. With the coal-gas flame, the readings 
were reduced to about half these values, and can be decreased still further by increas- 
ing the light reaching the spectrograph from the hollow-cathode lamp, either by 
increasing the lamp current or by the use of a suitable optical arrangement such as 
that described by Lockyer [11]. Any effect of flame emission can be completely 
eliminated by modulating the hollow-cathode light and amplifying the photo- 
multiplier output at the modulation frequency [2], and obviously when the copper 
is extracted into an organic solvent no interference from these elements occurs. 


Application to the analysis of agricultural materials 
Various agricultural materials have been satisfactorily analysed for copper by 
the atomic absorption method, the copper being determined either in aqueous 
solution when the sensitivity was adequate or after extraction into an organic 
solvent when greater sensitivity was required. A brief outline of the methods used 
and the results obtained for fertilizers, soils, soil extracts and plants are given 


below 


The extraction of copper 


Ammonium pyrrolidine dithiocarbamate has been used to complex the copper 


prior to extraction into an organic solvent. This reagent, the preparation of which 


has been described by MALissa and ScHOFFMANN [12], has been preferred for two 
reasons. Firstly, the copper complex was readily soluble in the types of organic 
solvents which could be successfully sprayed into the flame and, secondly, the complex 
could be formed in and extracted from quite strongly acid solutions. It has been 
found that, with this reagent, copper can be extracted from at least 6 N HC! and 
9N H,SO,. 


Nitric acid decomposes the reagent and ideally should be absent. Nevertheless, 


.. Lockyer, Analyst 84, 385 (1959). 
. Macissa and E. ScuorrMann, Mikrochim. Acta 187 (1955). 
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complete recoveries of copper have been obtained from up to 0-5 N HNO,, when the 
extraction was made immediately after the addition of the reagent and the phases 
separated as soon as practicable. Perchloric acid up to about 10 per cent is permis- 
sible, but for concentrations much above this the solubility of this acid in the organic 
solvents is troublesome. With concentrated perchloric acid no phase separation 
occurs. 

The disodium salt of ethylenediaminetetra-acetic acid (EDTA), which is commonly 
used for the extraction of ‘‘available” copper from soils, was found not to interfere. 
The possibility that the large amounts of iron, which would be present in soils and 
other agricultural materials, might interfere with the extraction of copper has been 
investigated. It has been found that interference by iron depends on the acidity 
and on the amount of reagent used. For example, 5 ug of copper was completely 
extracted by 10 ml of ethyl acetate from 15 ml of a 0-5 N HC! solution containing 
50,000 ug of iron when | ml of a 1 per cent aqueous solution of ammonium pyrroli- 
dine dithiocarbamate was used. When the acidity was increased, or when a 5 per 
cent solution of the reagent was used, only about 80-90 per cent of the copper was 
recovered. No copper could be detected in the aqueous phase and the loss was pro- 
bably caused by adsorption on the thick curdy precipitate of the iron compound 
which forms at the interface under these conditions. 


Table 2. The determination of copper in fertilizers 


Sample size 


0-240 
0-235) (average 0-239) 
0-242 


5-O mg Cu 0-720 (expected 0-739) 


0-510) (average 0-510) 
0-511) 

5-0 mg Cu 1-02 (expected 1-01) 


Fertilizers 

The appropriate weight of sample was boiled with 3 N HCl, taken to dryness, 
and the residue dissolved in 0-1 N HCl and made to 100 ml. The copper was deter- 
mined directly on this solution, using the copper line at 2178 A. The use of this less 
sensitive line is convenient, as undue dilution of the sample, with the consequent 
increased risk of contamination, is avoided. Alternatively of course the sensitivity 
at 3247 A could be reduced by the use of a smaller flame, or by the use of the rotatable 
burner described by CiLinton [13]. Recoveries and results obtained by using 
different-sized samples are given in Table 2. Sample A was copperized superphos- 
phate, while sample B was a proprietary fertilizer consisting essentially of lime, 
superphosphate, limonite und small amounts of various salts including copper 
sulphate. 


13] O. E, Spectrochim, Acta 16, 985 (1960). 


463 


96] 
A. 0-5 
1-0 
1-5 
B. 0-5 
1-0 
1-5 
1-0 


Soils 


For the determination of the total copper in soils, various amounts of soil were 
digested with HNO,-HCIO,, the silica removed with HF, and the solution taken to 
dryness. The residue was dissolved in 5 per cent perchloric acid and made to 50 ml. 
When the copper content was sufficiently high, the copper was determined directly 
in this solution, using the line at 3247 A, and standards made in 5 per cent perchloric 
acid (sample A in Table 3). When the copper content was low, a 5-ml aliquot was 
shaken with 1 ml of a 1 per cent aqueous solution of ammonium pyrrolidine dithio- 
carbamate and 5 ml of methylisobutyl ketone. The copper was determined in the 
organic phase, using standards similarly treated (sample B, Table 3). The low result 
obtained for the most concentrated solution in sample A was probably caused by a 
decrease in the atomizer efficiency due to the high salt content. A similar effect 
occurred when the same solutions were analysed for zine by the atomic absorption 
method. For routine analysis a 1-2 g sample is sufficient. 


Table 3. The determination of copper in soils 


Sample size ug Cu/g soil 


A. Clay soil 4-0 
1-0 

2-0 + 100 wg Cu expected 107-5) 

2-0 200 wg Cu lexpected 157-5! 


‘ 


(average 


B. Sandy soil 4-0 
2-0 7 (average 8-82) 
1-0 9 00} 
2-0 17-5 wg Cu 17-5 jexpected 17-6) 
2-0 40 ne Cu 29-4 lexpected 28-8!) 


Soil ‘ rtracts 


The disodium salt of EDTA acid is, as already mentioned, a commonly used 


extractant for the estimation of “available” copper in soils. A 2-g sample of a peat 


soil which had been top-dressed with copper sulphate were shaken with 20 ml of a 
1 per cent aqueous solution of disodium EDTA, for 2 hr, and then filtered. Aliquots 
of various sizes diluted to 5 ml, were shaken with | ml of 1 per cent aqueous solution 
of ammonium pyrrolidine dithiocarbamate and 5 ml of ethyl! acetate in a 15-ml 
stoppered test tube. The copper was determined in the organic layer, using standards 
which had been similarly extracted from 0-1 N HCl. The results obtained are given 
in Table 4. The peat soil, top-dressed with copper sulphate, was chosen to check 
whether the large amount of organic matter would cause any trouble, and to enable 
small aliquots to be used in this experiment. For routine work a 5-ml aliquot is 
normally used. Satisfactory results have similarly been obtained in analysing soil 
extracts made with 0-1 N hydrochloric acid and 2-5 per cent acetic acid. 
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Plants 


Samples of various sizes were digested in triplicate with 20 ml of a nitric—per- 
chloric acid mixture (17 ml concentrated nitric acid and 3 ml 72 per cent perchloric 
acid). After the solutions were reduced to a volume of about 2 ml, about 10 ml of 
water was added and the solutions boiled, cooled, filtered and made to 20 ml with 
water. To a 10-ml aliquot, in a 20-ml stoppered test tube, 1 ml of a 1 per cent 
aqueous solution of ammonium pyrrolidine dithiocarbamate and 5 ml of methy]- 
isobutyl ketone were added and the mixture shaken. The copper was then deter- 
mined in the organic layer using the copper line at 3247 A and standards similarly 


Table 4. Determination of copper in soil extracts 


Size of aliquot ug Cu/g air-dried soil 


(average 22-8) 


3 


fexpected 35-3) 


+ 6°25 wg Cu 
lexpected 47:8! 


- 12-50 wg Cu 


m bo bo to 
to to 


extracted from 10 per cent HClO, The remainder of the original solution can 
conveniently be used for the determinaton of zinc, manganese and iron by atomic 


absorption methods. 
Boiling after the addition of water was necessary to expel the last traces of nitric 
acid, although satisfactory results can be obtained without boiling, if the subsequent 


operations are carried out expeditiously. 


Table 5. Determination of copper in plants 


ug Cu/g oven-dried plant 


Sample size 
Triplicate digestions Average 


(g) 
Grass 0-5 11-4 12-6 2 12:1 
1-0 12-1 12-7 3° i (average 12-3) 
2-0 12-0 12- . 11-9 
1-0 19-9 2: 20:8 (expected 20-3) 


Silver beet 0-5 9-8 
1-0 11-4 (average 10-5) 
2-0 10-7 
1-0 + 8 wg Cu 18-7 (expected 18-5) 


Chou moellier 1-0 
2-0 5 


(average 1-79) 
1-0 3 4g Cu 4: 5: 5: 5 (expected 4-79) 


7—(12 pp.) 


(ml) 
1-0 
2-5 
5-0 
5-0 
5-0 
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The results obtained for a number of different types of plants are given in Table 
5. It should be noted that these results represent single determinations and that 
sample heterogeneity and chance contamination may have added to the variation 
between replicates. 


Conclusion 


The determination of copper by atomic absorption is convenient and rapid. 
The sensitivity is sufficient for many purposes, although for some agricultural work 
the added sensitivity obtained by spraying an organic solvent is necessary. Judging 
from the concordance of the results obtained from different-sized samples, and the 
completeness of the recoveries, the method is accurate and free from interferences. 


Acknowledgements—The writer thanks Miss L. M. E. Woop, Miss V. O. Marnie Wricut and 
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Abstract—The use of organic solvents in atomic absorption spectrophotometry has been investi- 
gated. It has been found that when certain organic solvents are added to aqueous solutions 
small increases in analytical sensitivity are obtained. With the most useful solvent of this class, 
a mixture containing 20 per cent acetone and 20 per cent isobutyl alchohol, the sensitivity is a 
little more than twice that obtained with aqueous solutions. When the element is extracted 
into an organic solvent immiscible with water, gains in sensitivity of up to seven times are 
obtained, depending on the solvent and atomizer used. It has been shown that this gain in 
sensitivity results, for the greater part, from an increase in the amount of solution reaching the 


flame. 
Introduction 


FoLLow1ne the observation by Berry ef al. [1] that methanol and ethanol when 
added to aqueous solutions increased the emission of light by sodium and potassium 
when these solutions were sprayed into a flame, the addition of various organic 
solvents miscible with water has frequently been used to increase the analytical 
sensitivity of flame photometric methods. Systematic studies of this effect have been 
made by ALKEMADE [2] and by Bope and Fastan [3]. 

The extraction of an element from an aqueous solution into an organic solvent 
which was then sprayed into the flame was first described by Dean and Lapy [4] 
and since then a number of papers have reported the application of this technique 
to the determination of various elements by flame photometry. Bopg and Fapian 
[5] have studied the use of a large number of organic solvents for the determination 
of copper. 

The author reported at the Second Australian Spectroscopy Conference [6] that 
a useful gain in sensitivity could be obtained in the determination of copper by the 
atomic absorption method, when the element was extracted into an organic solvent 
prior to spraying, and the present paper describes experimental work carried out to 
investigate the use of organic solvents in atomic absorption spectrophotometry 
generally. 

Experimental 
Apparatus 

The arrangement of apparatus and the method of measuring the absorption were 

the same as previously described [7]. The following atomizers were used at the 


J. W. Berry, D. G. Cuarrect and R. B. Barnes, Ind. Eng. Chem. Anal. Ed. 18, 19 (1946). 
C. T. J. Atkemape, A Contribution to the Development and Understanding of Flame Photometry. 
Thesis, Utrecht (1954). 

H. Bove and H. Fasran, Z. anal. Chem. 168, 187 (1958). 

J. A. Dean and J. H. Lapy, Anal. Chem. 27, 1533 (1955). 

H. Bope and H. Fasran, Z. anal. Chem. 162, 328 (1958). 

J. E. Attan, Nature 184, 1195 (1959). 

J. E. Attan, Analyst 88, 466 (1958). 


{3} 
[5] 
(6) 
(7) 
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indicated air pressures: (a) Modified Lundegardh (40 lb). The modification to this 
atomizer enabled solutions to be aspirated directly from a beaker instead of from 
the usual Lundegardh chamber [8]. (b) EEL 1998 (15 lb) and EEL 2081 (15-5 Ib). 
These were commercial EEL atomizers, superficially the same but having different 
uptakes and efficiencies. (c) Beckman (35 lb). This was the atomizer portion of a 
Beckman oxyacetylene atomizer—burner unit. 

These atomizers were mounted so that the spray entered a Polythene chamber 
(500 ml) where the larger droplets ran to waste. The finer spray travelled through 
a rubber tube } in. in diameter and 2 ft in length, to the burner. The burner used 
provided a flame 12 em in length and has been described by CLinton [9]. Air was 
supplied at the rate of about 9 |/min, the different atomizers being operated at the 
above pressures to give this flow. When aqueous solutions were sprayed, the acetylene 
flow was about 1-1 I/min, and when organic solvents were sprayed, the acetylene 
flow was reduced until the flame became non-luminous. In this way the flame size 
and shape were kept the same for all the solvents used. 


Table 1. Solvents miscible with water 


Solvent Sensitivity 


OLN HCl 

Methy! alcohol 40°, 

Ethyl alcohol 40 % 

[sopropy! alcohol 40°, 

Acetic acid 10° 

Dioxan 40°, 

Acetone 40°, 

Acetone 80°, 

Acetone 20°, plus 
isobuty! alcohol 20°, 


e-1-15 


acc 


te 


Solvents miscible with water 


With each solvent a series of solutions containing from | to 25 p.p.m. of copper 
was prepared, and sprayed into the flame with the Lundegardh atomizer. The 
acetylene flow was adjusted as described above and the absorption due to the 
copper measured. From plots of the absorption against copper concentration the 
sensitivity obtained for the various solvent mixtures relative to that obtained for 
the aqueous solution was calculated. These results are given in Table 1. Similar 
series of solutions containing iron, manganese, zinc and magnesium in the solvent 
mixture containing 20 per cent acetone and 20 per cent isobuty! alcohol were dealt 
with in the same way. For all these elements the increase in sensitivity was exactly 
the same as that found for copper. 


Solvents immiscible with water 


A variety of solvents of this type have been used to increase the sensitivity of 
flame emission analysis with oxyacetylene and oxyhydrogen flames. However, 


(8) J. E. Attan and O. E. Cirvton, New Zealand J. Sci. 2, 219 (1959). 
{9} O. E. Cumrron, Spectrochim. Acta 16, 985 (1960). 
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with an air-supported flame as used in the present work, the number of solvents 
that can be successfully burnt is limited. Chloroform and carbon tetrachloride gave 


unstable flames which were soon extinguished. When the higher alcohols (amyl, 
butyl, benzyl) were sprayed, a deposit of incompletely burnt material was rapidly 
formed on the burner top and an unstable “dirty” flame resulted. In the case of 
benzene, cyclohexane, n-heptane, petroleum ether and di-iso-propyl ether it was 
found that so much of the solvent was sprayed into the flame that the air supply 
was insufficient for complete combustion. With benzene the flame was very large, 
luminous and smoky. The flames obtained with the other solvents, however, were 
of normal size and only the upper part of the flame was luminous and unsteady. 
Immediately above the blue cone there was a clear zone, extending for about 1-2 
em, which appeared to be stable. Investigation showed, however, that with all 
these solvents except n-heptane this clear zone itself absorbed strongly. The 
absorption band commenced between 2700 A and 2900 A and was continuous, with 
increasing strength, towards the lower wavelengths until, at 2150 A, between 1 and 
10 per cent only of the incident light was transmitted. Such flames would therefore 
be of limited analytical use, and, as in addition the solvents dissolved the copper 
complex (see later) only slightly, they were not further investigated. Of all the 
organic compounds tested, only esters and ketones were found to behave satis- 
factorily in the flame. With these solvents the flames were steady, the combustion 
complete, and no absorption due to the solvent was observed. The effect of several 
of these solvents on the sensitivity of atomic measurements has therefore been 


investigated. 

For these experiments the metal was complexed with ammonium pyrrolidine 
dithiocarbamate [10] and extracted into the organic solvent to give, for each solvent, 
a series of solutions containing from 0-2 to 5 p.p.m. of the metal. These solutions 


were sprayed, the absorption measured and the sensitivity, relative to that when 


aqueous solutions were sprayed, obtained as before. Results for copper, obtained 
with the four atomizers listed above, are given in Table 2. The same increases in 
sensitivity have also been obtained for zinc, manganese and iron, using the Lunde- 


gardh atomizer and methylisobuty! ketone. 
It is apparent from these results that a useful increase in sensitivity results from 


spraying an organic solution rather than an aqueous one and that the extent of the 


increase depends not only on the solvent used, but also on the atomizer. 

In a study of the effect of various solvents, miscible with water, on the intensity 
in flame photometry, ALKEMADE [2] found the greatest increase occurred with the 
poorest atomizer, but with the atomizers used in the present work this relationship 


is not apparent. 


Mechanism 


The magnitude of the absorption shown by an element sprayed into a flame 
depends on (a) the concentration of atoms in the flame gases, (b) the length of the 
light path through the flame and (c) the width of the absorption line, which at 
constant pressure is proportional to the square root of the temperature. In this 


{10} H. Matissa and E, ScHoOFrFMANN, Mikrochim. Acta 187 (1955). 
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work the flames used all had the same length so that the use of the organic solvent 
could have affected only the concentration of the atoms or the temperature. It is 
conceivable that the concentration of atoms in the flame could have been increased 
in the following ways, (a) by an increase in the amount of solution reaching the 
flame, (b) by a lowering of the flame temperature, giving a smaller volume of flame 
gas, (c) by an increase in the rate of vaporization of the metal compounds and 
(d) by an increase in the extent of the dissociation of the metal compounds into 
atoms 


Table 2. Solvents immiscible with water 


Atomizer 


Lundegardh EEL 1998 EEL 2081 


Solvent 


B B } B 

0-1 N HCl 1-0 1-0 1-1 1-3 
Ethylamyl] ketone . 0-36 2-8 6 0-38 | 2-{ 0-52 
Butyl acetate > 0-32 | 3-1 0-33 0-41 
Amy] acetate 6 O32 3-1 O38 0-43 
Propyl acetate 0-26 38 0-27 ‘6 O35 
Methylisobuty! 

ketone 6 0-26 0-23 0-35 
Ethyl acetat 5° 0-20 | 5-1 0-15 0-27 


to 


to bo bo 


Column A: uptake in ml/min, 
Column B: concentration of copper for 10 per cent absorption (p.p.m.). 
Column C: relative sensitivity. 


BuLewicz and SuGpeN [11] have shown that copper salts, when sprayed in 
aqueous solutions, appear to be vaporized completely. This has been confirmed in 
the present work by the finding that exactly the same absorption readings were 
obtained from a series of solutions containing the same concentration of copper, 
but made up in 0-5 N nitric, hydrochloric, sulphuric and perchloric acids. This 
implies that the vaporization of the various copper salts was complete by the time 
the spray had reached the region in the flame where the absorption measurements 
were made (about 5 mm above the blue cone). 

It is apparent therefore that no improvement in this direction could have resulted 
from the use of organic solvents. However, in the special case where an element is 
associated in the aqueous phase with an anion which prevents complete volatiliza- 
tion, then naturally the extraction of the cation into an organic solvent will remove 
this interference and lead to an increase in sensitivity. 

BuLewicz and SuGpEN [11] have also demonstrated that copper exists in flames 
almost entirely as atoms. This also has been confirmed in this laboratory by the 
observation that no increase in copper absorption is obtained by using a fuel-rich 
flame [12]. Zine behaves similarly, but iron and manganese are not completely 
dissociated (ALLAN, unpublished results). As the same increase in sensitivity was 


| E. M. Botewiez and T. M. Svepen Trans. Faraday Soc. §2, 1475 (1956). 
J. E. ALLAN, Spectrochim. Acta 17, 459 (1961). 
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obtained for iron and manganese as for copper and zinc, both in methylisobuty] 
ketone and in the water—acetone—butyl-alcohol mixture, the organic solvent there- 
fore can have had no effect on the dissociation into atoms. However, as the extent 
of this dissociation must depend on temperature and on the composition of the 
flame gases, this might not always be the case. 

It appears therefore that the increase in sensitivity obtained in the present work 
by spraying an organic solution must be due entirely to an increase in the amount 
of solution reaching the flame and to a temperature effect. 

That this is so was confirmed by measuring the temperature of a number of 
flames and by measuring directly the amount of copper issuing from the burner 
when an aqueous and an organic solution were sprayed. 


Table 3. Flame temperature 


Acetylene flow Temperature 

Solvent 
(l/min) 

Water 

Methylisobutyl ketone 

Ethylamy] ketone 2200 

Ethyl] acetate 27 2130 


The temperature was measured by the conventional sodium line reversal method, 
the sodium being introduced into the flame by dissolving sodium perchlorate in the 
various solvents used. The results are given in Table 3 from which it is apparent 
that, as the acetylene flow is decreased to accommodate the organic solvent, the 


temperature of the flame is reduced. 

This reduction in temperature will increase the absorption firstly by reducing 
the Doppler width of the absorption line and secondly by increasing the concentration 
of atoms in the flame by reducing the volume of the flame gases. These effects are 
small and in the case of ethy! acetate, would cause an increase of about 10 per cent 
in sensitivity. 

The amount of copper that actually reached the flame was measured in the 
following way. A Polythene tube, closed at one end, and slotted to fit the top of 
the burner, was sealed to the burner. To the other end were fitted two glass tubes 
in series about 6 in long, plugged with glass wool to collect the spray. Fifty millilitres 
of solution containing 100 p.p.m. copper in the case of the aqueous and 10 p.p.m. in 
the case of the organic solvent was sprayed and the time required measured. The 
glass-wool tubes were then washed with the appropriate solvent and the solutions 
so obtained analysed for copper. From the standard curves used for this analysis 
the ratio of the sensitivities of the two solvents for the particular atomizer used was 
obtained. For this experiment a Lundegardh atomizer having slightly different 
characteristics from the one employed previously was used, and the organic solvent 
was methylisobutyl ketone. The two glass-wool tubes were treated separately to 
establish that all of the spray had in fact been retained. With the aqueous solutions, 
the amount of copper found in the second tube was about 2 per cent of the total 
collected and for the organic solvent about 20 per cent. 
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The results, which are given in Table 4 and are the average of three experiments, 
show that 3-35 times as much copper reaches the flame when a methylisobuty! 
ketone solution rather than an aqueous solution is sprayed. This would lead to an 
expected increase in sensitivity of 3-46 times when the temperature effect is taken 
into account. 

This agrees well with the observed increase in sensitivity which, with this atom- 
izer, was 3-50 times, and confirms that the greater absorption obtained when organic 
solvents are sprayed is due mainly to the increase in the amount of solution reaching 
the flame, and secondly to a small reduction in the temperature of the flame. 


Table 4. Collection of copper from burner 


Solution 


0-1 N HCl Methylisobuty! ketone 
Time required to spray 50 ml 10-45 min 7-5 min 
Copper collected 128 ug 30-5 ug 
Copper collected per minute for 

a 10 p.p.m. solution 1-22 ug 4-07 ug 
Relative amount of Cu collected 

per minute for a 10 p.p.m. 

solution 
Sensitivity: p.p.m. copper for 

absorption 
Relative sensitivity 


It is probable that the increase in the amount of solution reaching the flame from 
organic solutions results partly from the increased uptake by the atomizer, partly 
from the formation by the atomizer of a larger proportion of spray sufficiently fine 
to escape condensation on the walls of the spray chamber, and partly by the more 
rapid evaporation of the solvent from the spray droplets, thus decreasing their size 
and increasing their chance of reaching the flame. It is not proposed to discuss 
further in this paper the physical processes involved in atomization except to point 
out that viscosity, surface tension and vapour pressure may be expected to exert a 
controlling influence on the three effects just mentioned, and of the organic solvents 
listed in Table 2 the three best have the lowest viscosity, the lowest surface tension 
and the highest vapour pressure. 

Finally it should be mentioned that the situation which has been revealed by 
the present work is in contrast to that which occurs with the Beckman type of 
oxyacetylene or oxyhydrogen burner commonly used for flame emission photometry. 
With this type of flame the use of organic solvents leads to a considerably higher 
flame temperature [13] and this increase in temperature is largely responsible for 
the increased emission. It is likely that here the effect of the organic solvent on 
atomization is less important, as with this type of burner the solution is aspirated 
directly into the flame with no intervening spray chamber. It is apparent therefore 


[13] J. A. Dean and M. B. Carnes, Spectrochim. Acta 15, 311 (1959) (Abstract). 
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that should this type of burner be used for atomic absorption the effect of organic 
solvents on sensitivity will not be the same as described here. 


Analytical applications 

Solvents miscible with water 

The increases in sensitivity obtained with this type of solvent were small and in 
most cases would be more than counterbalanced by the extra dilution incurred in 
adding the organic solvent. The use of the mixture of 20 per cent acetone and 20 per 
cent isobutyl aleohol would be helpful if the original sample were too small to spray, 
particularly as the uptake of the atomizer with this solvent mixture was only 2-5 
ml/min compared with 4 ml for aqueous solutions. 


Solvents immiscible with water 


Although the most sensitive results were obtained with ethy] acetate, the use of 
this solvent is limited by its solubility in water, and for this reason methylisobuty! 
ketone, which gives only slightly less sensitivity, is preferred for general work. Of 
the solvents tried, the least soluble is ethyl amyl ketone and although the sensitivity 
with this solvent is somewhat lower it has been found useful for extraction from very 
dilute solutions (e.g. distilled water), as an extraction ratio of at least 100 can be used. 

Ammonium pyrrolidine dithiocarbamate, the preparation and properties of 
which have been described by MALIssa and SCHOFFMANN [10], has been used in this 
work because it forms complexes with a large number of metals, often in quite acid 
solution, and these complexes are usually readily soluble in esters and ketones. For 
some analytical applications, of course, a more specific reagent may be preferable. 


The application of solvent extraction to the determination of copper in plants 
and soil extracts has been described in another paper [12] and future papers will deal 
with zine, nickel and cobalt. 


Acknowledgements—The writer thanks Miss L. M. E. Woop and Miss V. O. Marnre Wricart for 
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Abstract 
ureas, as well as the infra-red spectra of alkylated acetamide, thioacetamide, urea and thiourea 
and their hydrochlorides. All results consistently show that the proton is normally attached to 
the oxygen (or sulphur) atom. Earlier data pointing to the existence of the ammonium structure 
are reinterpreted. The resonance within these molecules appears to be the decisive factor in 


The electronic absorption spectra were studied of protonated thioamides and thio- 


determining the site of protonation. 


Introduction 
THE mode of protonation of amides and urea has been discussed frequently during 
the past decades. In principle two structures are possible: the oxonium (or sul- 
phonium) form (1) and the ammonium form (II). 


XH 


“NH, 
(I) 


(IT) 


On theoretical grounds [1] structure (1) is to be preferred, since here the resonance 
in the amide group is preserved, but experimental evidence is still conflicting. Three 
approaches have been used in this field, namely, nuclear magnetic resonance spectra, 
vibration spectra and, for sulphur compounds, electronic absorption spectra. 

The first technique shows that rotation around the C—-N bond is restricted, 
which points to the oxonium structure [2-5]. This interpretation has been criti- 
cized by SPINNER [6] but it is doubtful whether his model is able to account for the 
high value of the rotation barrier found [5]. 

Evidence from vibration spectra generally has been interpreted in terms of 


nitrogen protonation in several amides, urea and thiourea [7-9]. The absence of 
OH (or SH) vibrations and the shift of the carbonyl-stretching vibration towards 


[1] R. Huriscen and H. Brapr, Chem. Ber. 90, 1432 (1957). 

[2] G. FrRaENKEL and C, NremMann, Proc. Natl. Acad. Sci. U.S. 44, 688 (1958). 

(3) A. Bercrer, A. LOEWENSTEIN and 8. Mersoom, J. Am. Chem. Soc. 81, 62 (1959). 
[4] J. A. Durry and J. A. Leisten, J. Chem. Soc. 853 (1960), 

G. Fraenxke and C, Franconi, J. Am. Chem. Soc. 82, 4478 (1960). 

(6) E. Spinner, J. Phys. Chem. 64, 275 (1960). 

|7] C. G. Cannon, Mikrochim. Acta 555 (1955). 

[8] M. Davies and L. Hopkins, Trans. Faraday Soc. 58, 1563 (1957). 

|9] E. Spinner, Spectrochim. Acta 15, 95 (1959). 
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higher frequency are both considered arguments for structure (II). On the other 
hand, GomPPER and ALTREUTHER [10] synthesized both ions (ILI) and (1V) in which 
structures (1) and (II) are fixed and found strong absorption bands at 1640 em~ for 
(111) and at 1783/1724 em~ for (IV). These values, compared with the frequencies 
of the carbonyl bands of N-diethylbenzamide (1630 em~') and benzamidium per- 
chlorate (1654 em~'), strongly favour the oxonium form for the latter compound. 


N(C,H,)e 


(111) (IV) 


“OCH, 


Electronic absorption spectra above 200 mu, finally, are only exhibited by the 
thiocarbonyl compounds. Nearly all of these show a weak long-wavelength band or 
shoulder which represents an n->7* transition [11]. This band disappears in 
concentrated acids which is to be expected when the proton is attached to the 
sulphur atom, but N-protonation is not likely to shift this band to shorter wave- 
lengths (cf. below). Even here evidence is not unequivocal, for Hosoya et al. [12] 
conclude that the ammonium form exists for protonated thioacetamide because of 
the similarity of the spectrum of the latter with a simple thioketone (thiocamphor). 
This similarity exists only in the high-intensity band, however, because the thio- 
acetamide ion does not show the n->7* transition which is responsible for the red 
colour of thioketones. 

In the present study an attempt is made to remove these discrepancies by 
studying closely the electronic and vibration spectra. It appears that all major facts 
are in agreement with the existence of the oxonium (sulphonium) structure in 
protonated amides, ureas and their sulphur analogues. Only in cases in which the 
resonance within these groups is sterically hindered will the proton be attached to 
the nitrogen atom. 

Experimental 
Vaterials 

All compounds were prepared and purified in this institute by standard techniques and 
checked by analysis and determination of physical constants. 

Hydrochlorides were obtained by the reaction of the compounds with dry HCl gas, except 
O-methylisoureum hydrochloride and S-methylisothioacetamide HCl which were available as 
such. In the other cases an equimolar quantity of HCl (checked by weighing) was introduced 
either directly or by removing an excess in racuo. 

Upon treatment with HCl tetramethylurea and NNN‘S-tetramethylisothiourea remain 
liquids and were measured as films of ca. 10 ~. In both cases the stoichiometrical quantity of 
HC! was present within 5 per cent. Dimethylacetamide solidifies on treatment with HCl and was 
measured in KBr disks with 7 per cent excess HCl. The solid compounds NN’-diethylurea, 
dimethylthioacetamide and tetramethylthiourea liquified on treatment with HCl but an excess 
HCl was always present at the time the solid had disappeared. With suction both the first two 
substances mentioned above could be obtained as 1:1l-adducts, the former being a liquid, the 
latter a solid. They were measured as a film and in KBr, respectively. With tetramethylthio- 
urea, however, the liquid 1:l-adduct proved unstable and changed spontaneously into a mixture 

Gomrrer and P, Aurrevrner, Z. anal. Chem. 170, 205 (1959). 


a) M. J. Janssen, Rec. trav. chim. 79, 454 (1960); (b) M. J. Janssen, Ibid. 79, 464 (1960) 
H. Hosoya, J. Tanaka and 8. Nagakura, Bull. Chem. Soc. Japan 33, 850 (1960), 
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of (solid) tetramethylthiourea and a liquid which must consist of tetramethylthiourea with 
excess HCl. It was only possible to obtain a uniform sample by applying about 50 per cent 
excess HCl. The spectrum, taken as a film, fortunately appeared independent of the excess HC! 
except for a general region of absorption between 2000 and 800 em=. 


Spectra 


Ultra-violet spectra were taken with a Beckman DU spectrophotometer with photomulti- 


plier. A concentration range from 10? to 5 x 10-5 M was used and the spectra were measured 
from 220 mya upwards till the most concentrated solution did not absorb any more. Infra-red 
spectra were measured with the Perkin-Elmer model 137 Infracord (NaCl optics). Spectra of 
films of liquid hydrochlorides were taken in cells with a path length of about 10”. The parts of 
the cell that were in contact with the samples were constructed of noble metals, the filling tube 
being made of silver and the spacer of gold. Potassium bromide disks were made in the normal 
manner, exposure to air being limited as much as possible by manipulating rapidly and whenever 
possible in closed and dry systems. The appearance of water bands in the spectrum could not be 
prevented entirely, but only spectra in which they were weak were used. Moreover, the spectra 
of tetramethylurea and tetramethylthiourea and their hydrochlorides were taken on a Perkin- 
Elmer model 221 in order to study the 3 « region more closely.+ The results given at present, 
however, contain only the information obtained with the model 137 Infracord. 


Results 

A. Ultra-violet spectra 

The ultra-violet absorption characteristics of some thio compounds are given in 
Table 1. Thioamides and thiourea exist in concentrated sulphuric acid in their 
monoprotonated form, the iso-derivatives are much stronger bases. The similarity 
between the spectra of protonated thioacetamide and thiourea and those of the 
corresponding iso-compounds is obvious. As can be expected the low-intensity 
(n-»7*) band is no longer present. Although no spectra are available of compounds 
in which the nuclei are fixed in the arrangement (II) they can be readily estimated 
since it is known that substituents which exert mere inductive effects influence the 
position of absorption maxima only slightly. Therefore the spectrum of the hypo- 
thetical ion (V) should resemble that 


NH,—C(S)NH, 
(V) 
of thioacetamide except for small shifts due to the —J/ effect of the ammonium 
group. On theoretical grounds [13, 14] this effect is expected to shift the n—-7* 
transition to longer wavelengths.t The direction of the shift of the high-intensity 
band is not so easily predicted, but in any case it should be small. Thus the spec- 
trum of (V) is expected to consist of a band at about 300 mu (log e ~ 2) anda band 
around 240 mu (log e = 4). The absence of both bands in protonated thiourea there- 
fore is incompatible with nitrogen protonation. 


+ These spectra were taken at the Analytical Institute T.N.O., Rijswijk. The author is indebted to 
Mr. J. H. L. Zwiers for placing this instrument at his disposal. 

; This is also demonstrated by the low-intensity bands of dimethyltrithiocarbonate and bis-(tri 
fluoromethy])trithiocarbonate, the maxima being at 429 and 458 my, respectively [15]. 
[13] F. Gerson and E. Hersronner, Helv. Chim. Acta 42, 1877 (1959). 
[14] M. J. JANssen. Thesis, Utrecht (1959). 
F. E. A. Mason, E. C. Hotpsworrs and R. Emmorr, J. Chem. Soc. 292 (1953) 
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The same argument may be given for the other structures; in the case of thio- 
acetamide the expected spectra being either that of the isothioamide or of a 
thioketone. Although a band is reported for thiocamphor at 240 my [16] but not 
for cyclohexanethione [11b], a band at the same wavelength appears in the isothio- 
acetamidium ion, so that only the behaviour of the low-intensity band is indicative 
here. The absence of the n->7* transition decides in favour of the sulphonium 
structure. 


Table 1. Ultra-violet absorption spectra of some thione derivatives 


Maxima of un-ionized Maxima of conjugate 
molecule acid 
Formula Compound 
Amax 


log ¢ 


Solvent on Solvent 


CH,C(S)NH, Thioacetamide * ethanol 3: rb 6°, 
H,SO, 234 


HN), oures « 2803. 06°. only end 
H,SO, absorp 
tion 


{ H, (‘velohexanethione * ethanol 


CH C(NH)S¢ S-methylisothio 240 


acetamide t 


H NC(NH)SCH, nethvlisothio only end 
ureat absorp 
tion 


* Ref. [11 
Present work 
* Inflexion 


The spectra of several derivatives, e.g. methylated thioamides, methylated 
thiourea, thionocarbamates and dithiocarbamates all show similar behaviour upon 
protonation [lla]. It appears that generally in molecules containing the thioamide 
unit, proton addition occurs to the sulphur atom rather than to the nitrogen atom. 


B. Infra-red spectra 

As mentioned above, three arguments from vibrational spectral data are given 
7-9] as evidence for the existence of the ammonium form for the conjugate acids of 
amides, urea and thiourea; namely 

(1) The presence of additional NH vibrations. 

(2) The absence of OH (and SH) vibrations. 

(3) The displacement of the carbonyl-stretching band to higher frequencies. 

(1) The behaviour of the NH stretching vibrations has been studied on primary 
(9) and secondary [7] amides as well as on urea [8, 9] and thiourea [9]. In all these 
molecules the pattern of the NH bands already present may easily confuse the 
interpretations, especially in such highly hydrogen-bonded structures as exist in 
hydrochlorides. In this study the spectra of fully methylated (thio)acetamide and 


16) S. Katacirt, Y. AMako and H. Azumi, Symposium on Structural Chemistry, Kyoto (1958), cited by 
Hosoya et al. {12}. 
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(thio)urea were measured together with those of the hydrochlorides. The hydro- 
chlorides were obtained by the reaction of the bases with HC] gas. In the spectra no 


Table 2. Infra-red absorption bands between 3500 and 1450 cm™! of N-dimethylacetamide, 
N-dimethylthioacetamide and their hydrochlorides 


Dimethylacetamide Dimethylthioacet - Dimethylthioacet- 


Dimethylacetamide 


(film) HC! amide amide HC] 
(in KBr) (in KBr) (in KBr) 
3260 vw $425 w 3420 w 
2980 w 2930 vw* 2930 m 2980 w 
2920s 2675 vw* 
2590 vw* 
2530 vw* 
2475 vs, b 2180s, b 
2125 vw 2280 vw* 2025 w 
1940 s, b 
1740 w 1765 w 1725 vw 1700 vw 
1639 vs 1692 vs 1670 vw 1623 vs 
1546 w 1653 vw 1565 w 
1493 s 1605 vw 1535 vs 
1471s 


* Small peaks on sides of broad strong absorption band at 2475 em~?. 


Table 3. Infra-red absorption between 3500 and 1450 em 1 of tetramethylurea, tetramethyl- 


thiourea and their hydrochlorides 


Tetramet hy Ithiourea 
HCl 
(film) * 


Tetramethylurea Tetramethylurea HC] Tetramethylthiourea 
(film) (film) (KBr) 


3000 


29408 2940 m 2940 m 2940 m 
2880 s 

2110 vw 2400-2100 s, vb 2200-1800 s, vb 
1875 vw 

1645 vs 17558 1750 vw 1600 vs 
1560 w 1635 vs 

1497 vs 1538 s 1499 vs 1545 m 
1458 m 1465 m 1461 s 1495s 


1460 s 


* Excess HCl, see Experimental; spectrum of hydrobromide (likewise with excess) is identical with 
that of the hydrochloride given. 


bands were present of the parent compounds when an equimolar amount of HCl 
was bound.t 

That the 1:1 -adducts are formed was checked in some cases by applying a short 
measure of HCl: bands of the parent molecules appeared in these experiments. An 
excess of HCl only gave stronger general absorption between 2000 and 800 em-!. 
The frequencies of the absorption bands are tabulated in Tables 2 and 3. 


+ In one.case an excess of HCl was inevitable; see Experimental. 
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In all structures the only bands above 2500 cm~ are the CH stretching frequen- 
cies at about 2900 cm~!. In order to be certain that no confusion is possible between 
CH and NH vibrations the spectra were taken of NNN’S-tetramethylisothiourea 
(VI) and its HCl] adduct (Table 4). Here the proton can only add to the nitrogen 


(CH,),.N—C—NCH, 
SCH, 
(VI) 


Table 4. Infra-red absorption bands between 3500 and 1450 em~! 
of NNN’S-tetramethylisothiourea and its hydrochloride 


Tetramethylisothiourea Tetramethylisothiourea HC] 
(film) (film ) 


3210 

3000 vw 3120 w 
2940 2980 
2860 s 2940 vs, b 
2790 2850 
2625 vw 

2227 vw 

2123 vw 

2037 vw 2000 w 
1938 vw 

1610 vs 1608 vs 
1471 w 1540 w 
1450s 1495 m 


atom. In this case on protonation a very strong set of NH vibrations appear from 
3100 to 2800 em~', which is easily distinguished from the CH vibrations because of 
its much greater intensity and different shape (Fig. 1). From the figure and the tables 
it appears that the amides and ureas studied form no NH bonds on protonation. 

2) In the discussion of the absence of OH and SH stretching vibrations it was 
presumed that these bands had to be found near their normal frequencies, 3500 and 
2500 cm~, respectively. However, large displacements may be expected because of 
extensive hydrogen bonding and the polar character of these bonds in protonated 
carbonyl or thiocarbonyl groups. Except for the CH (and NH) bands already 
covered no absorption bands other than very weak ones are found in the neutral 
(thio)amides and (thio)ureas in the region between 3500 and 1800cm~'. In the hydro- 
chlorides, however, strong broad bands occur at about 2500 em~ for the oxygen 
compounds and at about 2100 em~! for the sulphur derivatives. In the spectrum of 
tetramethylthiouronium bromide the band occurs at exactly the same position as in 
the chloride. No bands are present in the spectra of several iso-derivatives so that 
no NH vibration is involved. 

On these grounds the assignment of this band to OH and SH vibrations, 
strongly displaced by hydrogen bonding, seems reasonable. The absorption is 
intensified by a very broad absorption region when an excess HCl is present. 
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(3) Finally, an analysis has to be made of the behaviour of the carbonyl! vibra- 
tion upon protonation. Earlier studies [10] already have shown that a strong 
carbonyl-like band is present at 1640 cm~! in compound (III) where no real carbonyl! 
group exists in the molecule. From Tables 2 and 3 it appears that all hydrochlorides 
show strong bands between 1800 and 1600 em! no matter whether the parent 
molecule is a carbonyl or a thiocarbonyl compound. Also in tetramethylisothiourea 


a b c 


A. iL af. 


3 3 4-3 4p 


Fig. 1. CH stretching region of: (a) NNN’S-tetramethylisothiourea; (b) NNN’S-tetra- 
methylisothiourea-HCl; and (c) tetramethylthiourea-HCl; all as pure liquids, thickness 
0-012 mm. 


(Table 4), either neutral or protonated, a similar band occurs. Obviously this band 
need not at all be connected with a carbonyl frequency. On the other hand, if 
protonation is supposed to occur at the oxygen or sulphur atom, the resulting 
structures of all compounds just mentioned have one feature in common, namely 
the existence of CN bonds with at least partial double bonding. The band belonging 
to the stretching vibration of the C=N bond occurs at only slightly lower frequen- 
cies than the C=O vibration, viz. around 1670 em-'[17, 18] and may have compar- 
able intensities especially when heteroatoms are attached to the imide carbon atom 
[19]. The frequency is found to be somewhat lower in the latter structures (1600— 
1650 em~'). Quaternization of the nitrogen results generally in a slight shift to 
higher frequencies [18]. Molecules with the elements N—C=N and N,C=N (i.e. 
containing the amidine or guanidine group) and their conjugate acids have asym- 
metrical N—C—N stretching modes in the same region both as neutral compounds 
and as ions [20, 21]. 
[17] L. J. Betxamy, The Infrared Spectra of Complex Molecules (2nd Ed.) p. 267. Methuen, London 
[18] a al M. LeGRAND and P. Porrrer, Bull. soc. chim. France 1499 (1956). 
|19] J. Fasran and M. LeGranp, Bull. soc. chim. France 1461 (1956). 


|20] M. Davies and A. E. Parsons, Z. physik. Chem. (Frankfurt) (N.F.) 20, 34 (1959). 
(21) W. J. Jones, Trans, Faraday Soc. 55, 524 (1959). 
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In Table 5 the frequencies of this type of stretching vibrations in several 
molecules are compared with the bands found in the present study. When NH, 
groups are present interaction between the band under discussion and the bending 
vibration of this group complicates the picture. Nevertheless even in these cases we 
may estimate the unperturbed value of the stretching vibration since it is reasonable 
to assume that the interaction will shift the latter band 20-50 em~ to higher 


Table 5. Strong absorption bands in the 1600-1800 cm™! region in various compounds 
containing C—O and C=N groups 


Vibration frequencies 


Compound Structure : Source 
of neutral of conjugate 


molecules acids 


Acetamidine CH,C(NH)NH, 1650, 1608 1684 [20] 
Acetamide CH,C(O)NH, 1675 1718 [9] 
N-Dimethylacetamide CH,C(O)N(CHs), 1639 1692 This work 
N-Dimethylthioacetamide CH,C(S)N(CH3,), 1623 This work 


S-Methylisothioacetamide ‘H,C(NH)SCH, 1610 This work 
NNS-Trimethylisothio- CH,CSCH,” 1607 
acetamidium iodide 


N(CH), 


Guanidine (H,N),CNH 1660, 1603 1650 {21} 
Urea (H,N),CO 1679, 1627 1700, 1642, [9] 
1625 
Thiourea (H,N),CS 1611 1644 [9] 
Tetramethylurea [(CH,),N},CO 1645 1755, 1635 This work 
Tetramethylthiourea (CHg)2N 1600 This work 
O-Methylisourea H,NC(NH)OCH, 1685 This work 
NNN‘S-Tetramethyliso (CH,),.NC(NCH,)SCH, 1610 1608 This work 


thiourea 


* J. D. 8S. Goutpen, J. Chem. Soc. 997 (1953). 


frequencies. From the table it is obvious that the frequencies of the bands of the 
hydrochlorides studied fit nicely in the pattern of other imide-containing structures. 
It seems that the alleged carbonyl! bands of the conjugate acids may well arise from 
a stretching mode, in which the CN group plays the dominant role. There is one 
compound, viz. tetramethylurea-HCl, in which an extra band occurs at a frequency 


higher than normal. A possible reason for this behaviour will be given below. 
Summarizing the evidence from infa-red spectra we may state that in the spectra 
of the hydrochlorides of methylated (thio)urea and (thio)acetamide no NH bands 
appear, that a broad absorption region between 2500 and 2000 cm~! may be assigned 
to an OH or SH absorption band and that the upward displacement of the carbonyl 
band may alternatively be explained as the replacement of the C—O band by a 
(X—-)C=—=N band. These results indicate that infa-red spectra are consistent with 
the oxonium (or sulphonium) structure (1). 
In order to find out whether or not the evidence is also compatible with structure 
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(11), we have to make an estimate of the spectrum of the latter. The behaviour of 
the NH and OH bands is only of limited use, since the unknown effects of hydrogen 
bonding may shift these bands all the way from 3500 cm-! to 2500 em~!. It is 
illustrative, however, that the hydrochloride of tetramethylisothiourea shows NH 
bands at about 3000 em~!. On the other hand the carbonyl stretching frequency of 
amides and urea in which the nitrogen atom is protonated may be estimated fairly 
accurately. In the case of dimethylacetamide for example we should expect (i) this 
band to be shifted to the acetone frequency (~1720 cm~') because of the loss of reso- 
nance and, (ii) a further shift to higher frequencies because of the presence of the 
powerful inductive *NH, substituent. 

The extent of the latter shift may be estimated by comparing the inductive 
substituent constants [22] of this group and, for example, CF,, and by considering 
the shift of the latter substituent which is about 50 em~! [23]. Thus the *NH, 
substituent may be supposed to give an upward shift of at least 80 em~! which 
would result in absorption around 1800 and 1760 cem~ for amides and urea, respec- 
tively, when protonated at the nitrogen. This is in excellent agreement with the 
value found for the N-triethylbenzamide cation (IV) which absorbs at 1783 em~! 
and also for the hydrochloride of the non-mesomeric amide 2: 2-dimethylquinucli- 
done-6 (VII) (1799 em~*) [24]. In the latter case it is also clear that the effect of 
hydrogen bonding on the carbonyl band is not very large. 


(VII) 


We may conclude that the hydrochlorides of amides, ureas and similar molecules 
may show a strong absorption band either at about 1800 em~! in which case the 


ammonium structure (II) is present, or at about 1700 cm~' in which case we may 
describe the band as mainly concerned with the C==N stretching vibrations in 
oxonium salts (1). 

Thus the observed bands at 1670 cm~! for urea nitrate [8] and at 1700 cm 
urea hydrochloride [9] actually point to protonation at the oxygen rather than at 


the nitrogen atom. 


Discussion 
From the foregoing sections it appears that the evidence from infra-red spectra, 
nuclear magnetic resonance spectra and electronic absorption spectra all indicate 
that in urea and amides the proton is normally attached to the oxygen atom and in 
thiourea and thioamides to the sulphur atom. 
Earlier Spinner [9] concluded the absence of resonance in this type of 
molecules on the basis of the existence of the ammonium form in the hydrochlorides. 


22) R. W. Tart, Jr., Steric Effects in Organic Chemistry (Edited by M. 8. Newman) Table XII, p. 619. 
Wiley, New York (1956). 

23] R. Norman Jones and C, Sanporry Chemical Applications of Spectroscopy. Technique of Organi 
Chemistry (Edited by W. West) Vol. IX, Table 37, p. 444. Interscience, New York (1956). 

(24) H. Pracesus, Chem. Ber. 92, 988 (1959). 
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In the light of the present reinterpretation, however, a new analysis of this pheno- 
menon is necessary. Since the compounds are very weak bases—pX values of their 
conjugate acids range from — 2 to 0—the basicity of the nitrogen atom is very small 
indeed. Actually we may estimate an upper limit for the basicity of this atom; 
expressed in pA of the conjugate acid this becomes pA < —2. This means a 
decrease of at least 12-5 units with regard to normal amines. The inductive effect 
has been shown [24] to account for a decrease of only 5-5 units in amides, so that the 
remaining lowering, which may be roughly put equal to 10 kcal/mole, should be due 
to the mesomeric effect. This value is therefore the lower limit for the resonance 
energy of amides and thioamides and, with a similar reasoning, twice this value 
should represent the lower limit for the resonance energy of (thio)urea. The results 
of experimentally determined resonance energies, e.g. around 30 keal/mole for urea 
[25] and 27 kcal/mole for thiourea [26] are in agreement with this analysis. 

In recent publications [27-29] the importance of hybridization is stressed. It 
appears that in conjugated hydrocarbons several phenomena—such as bond shorten- 
ing and “resonance energy’ —-which are usually explained by electron delocaliza- 
tion, may as well result from changes in hybridization. Although Dewar and 
SCHMEISING [27] explicitly exclude molecules in which more than one unexcited 
structure can be written, it is of interest to see whether the same ideas apply to the 
molecules under study. 

There is strong evidence that in urea [30, 31) and thioacetamide [32] the NH, 
groups are coplanar with the NCO or NCS plane so that the nitrogen atom exists in 
the sp*-hybridization state. The C—N distance in these molecules has been found to 
be 1-33 A. If this should be the normal Csp*—-Nsp* distance an amazingly large 


shortening of 0-14 A has to be assumed (for Csp?—Csp* the shortening is 0-08 A). 
Moreover, it is not a priort clear why the nitrogen atom becomes sp*-hybridized. 
In aniline the NH, group is likewise attached to an sp*-carbon atom, but it does not 
attain the planar configuration. 
On the whole, therefore, it is felt that hybridization effects cannot explain the 
behaviour of molecules containing the amide or thioamide unit. The close structural 
relation between amides and carboxylate ions makes it probable that delocalization 


in the former molecules is important. 

When for some reason the mesomerism in an amide or in one half of a urea mole- 
cule is hindered, however, we may expect protonation at the nitrogen atom. This 
will mostly occur because of steric requirements as in (VII). Earlier [lla] it was 
deduced from the electronic spectrum of tetramethylthiourea, that here steric 
hindrance of mesomerism occurs. The same may be expected in tetramethylurea 
and therefore in this molecule the probability of N-protonation is enhanced. In 
fact a strong band at 1755 em~' is observed in the hydrochloride of this molecule in 
addition to the still stronger band at 1635 cm~!. It seems that this band belongs to 


G. W. WHELAND. Resonance in Organic Chemistry p. 100, Wiley, New York (1955). 
Sr. Sunner, Act. Chem. Scand. 9, 847 (1955). 

M. J. 8. Dewar and H. N. Scumetsine, Tetrahedron §, 166 (1959). 

M. G. Brown, Trans. Faraday Soc. 55, 694 (1959). 

M. J. 8. Dewar and H. N. Scumetsine, Tetrahedron 11, 96 (1960). 

E. R. ANDREW and D. HynpMAN, Discussions Faraday Soc. 19, 195 (1955). 

J. E, Worsnaw, H. A. Levy and 8. W. Pererson, Acta Cryst. 10, 319 (1957). 

M. R. Trerer, J. Chem. Soc. 997 (1960), 


454 


a 
es 
‘ 
17 
196] 
= 
25 
26 
27 
28 
+ 30 
31 
32 


The structure of protonated amides and ureas and their thio analogues 


the N-protonated form which exists in equilibrium with the O-protonated form. 
The N—H bands, however, that should accompany the N-protonated form could 
not be clearly distinguished from the C—-H vibrations in the 3000 em- region. 
Therefore only a small percentage of the hydrochloride may consist of the ammo- 
nium salt. In tetramethylthiourea the possible existence of the ammonium next to 
the sulphonium structure can only be inferred from the NH stretching vibrations. 
Analysis of the appropriate region did not yield any clear indication of bands that 
could not be ascribed to C—-H vibrations. For definite conclusions more work is 
necessary. Further study on similarly crowded molecules is at present in progress. 
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Abstract —Infra-red and Raman spectra have been recorded for nitrobenzene and a complete 
vibrational assignment is given. The infra-red spectra of the alkali metal benzoates have been 
recorded and, together with the Raman spectra data, a substantially complete assignment is 
given for the benzoate ion. The infra-red spectra of the alkali metal salicylates, salicylic acid and 


»-nitrophenol have been measured, correlated and partial assignments made. Examination of 


the difference Av between the symmetric (7 )and antisvmmetric (¥q,)CO, stretching frequencies 
in the two series of salts shows that, whereas for the benzoates Ar increases steadily from lithium 
to caesium, for the salicylates, with the exception of the lithium salt, it is either constant or 
decreases slightly; v,, is 20-30 em™ higher in the salicylates than in the corresponding benzoates; 
y, is lower in lithium salicylate than in lithium benzoate, but in rubidium and caesium salicylate 
rv, is higher than in the corresponding benzoate. No simple linear relationship is found between 
Av and the polarizability of the free ions or the electronegativities of the alkali metals. 


Introduction 

ALTHOUGH the infra-red spectra of organic carboxylic acids have been examined in 
some detail [1-3] the spectra of the metal salts of such acids have received much less 
attention. The effect of the metal ion on the spectra is of interest and recently 
attempts have been made to correlate band shifts with various properties such as 
ionic deformalities, ionic radii and electronegativity values [4-6]. The infra-red 
spectra of the alkali metal salts of benzoic and salicylic acids, available from earlier 
work [7] have therefore been studied in more detail to investigate the frequency 
changes arising from changes of the alkali metal. To attempt a complete assign- 
ment for the benzoate ion, the Raman spectra of aqueous solutions of lithium and 
sodium benzoate have also been recorded. In view of the close similarity between 
the assignments for the isoelectronic pairs CH,NO,, CH,CO,~ and CF,NO,, 
CF,CO,~, a study of the vibrational spectrum of nitrobenzene was made and used 
to clarify the assignments for the alkali metal benzoates. Similarly, a comparison 
of the spectra of o-nitrophenol and the alkali metal salicylates was helpful in 
making the assignments for these compounds. 


Experimental 


(a) Mate rials 


Nitrobenzene was purified by vacuum distillation and examined immediately 


D. Handi and N. Swerrarp, Proce. Roy. Soc. (London) A 216, 247 (1953); Bratroz, D. Handi and 
SHEPPARD, S pectroch m icta 8, 249 (1956) 
Sr. C. Fuerr. J. Chem. Soc. 962 (1951 
GonzALez-SAncuez, Spectrochim, Acta 12, 17 (1958). 
TuHemer and O. Tuemer, Monatsh. Chem. 81, 313 (1950). 
E. J. Phya. Chem 59, 27 (1055). 
and H. Pyszorna, Nature 18], 181 (1958). 
L. Hares. J. I. Jones and A. 8 Linpsey, J Chem. Soc, 3145 (1954). 


486 


VC L 
17 
196: 


| 
3 
4 
5 
am 


The vibrational spectra of benzene derivatives—I 


after a further distillation. o-Nitrophenol was recrystallized from alcohol—water 
and dried, and had m.p. 46-0°C. 

The lithium, sodium and potassium benzoates, and sodium and potassium 
salicylates were reagent grade materials (B.D.H. Ltd.). Rubidium and caesium 
benzoates were prepared by neutralization of AR benzoic acid with standard 
rubidium or caesium hydroxide solution; lithium salicylate by neutralization of 
salicylic acid with standard lithium hydroxide; and rubidium and caesium 
salicylates by adding the carbonate solution to a known quantity of salicylic acid 
dissolved in methanol; in all cases followed by evaporation to dryness. All the 
salts were dried at 110°C. Analysis for the metal gave the following. Benzoates, 
found: Li, 5-4; Na, 16-0; K, 24-4; Rb, 41-3; Cs, 51-5; cale. for Li, 5-4; Na, 16-0; 
K, 24-4; Rb, 41-4; Cs, 52-3°,. Salicylates, found: Li, 4-9; Na, 14-4; K, 22-1; Rb, 
38-5; Cs, 48-9; cale. for Li, 4-9; Na, 14-4; K, 22-2; Rb, 38-4; Cs, 49-2%. 


(b) Spectra 

The Raman spectra of nitrobenzene and of saturated aqueous solutions of 
lithium and sodium benzoate were obtained using a Hilger FL1 Raman source and 
E612 spectrograph, and were recorded photoelectrically and photographically to 
confirm certain weak bands. Infra-red spectra of nitrobenzene, and of lithium and 
sodium benzoates as mulls in Nujol, were taken on a Grubb—Parsons GS 3 instru- 
ment. The other compounds were examined as mulls in Nujol and in hexachlor- 
butadiene and, in some cases, as disks in potassium chloride using a double-beam 
grating spectrometer [8]. 

Results and discussion 

Nitrobenzene 

Nitrobenzene is not planar |9] but the departure from C,,-symmetry will not be 
considerable. As with aniline [10], many of the phenyl ring modes behave according 
to the rules of this point group for which the thirty-six vibrations would comprise 
13a, + 4a, + 12b, + 7b,. The modes additional to the normal thirty for a mono- 
substituted benzene are the NO, symmetrical stretching and deformation (a,), the 
torsion about the C—N bond (a,), the NO, antisymmetrical stretching and in-plane 
rocking of the NO, group (b,) and the out-of-plane rocking (b,). For C,-symmetry 
with the plane of symmetry perpendicular to the phenyl ring, the a,- and b,-classes 
combine to give 20a’ vibrations and the a,- and )b,-classes similarly give 16a’ 
vibrations. Partial assignments have been made by earlier workers [11, 12}. 

The vibrational frequencies are given in Table | where the infra-red spectrum 


of the vapour [13] is included, since in some cases the band contours provide valuable 
additional information, but the region 2000-3000 cm-! is omitted since several 
possibilities exist to explain the combination bands found there. The present work 
confirms the presence of a weak Raman line [11] at 252 cm~! and a very weak line 
[14] at ca. 420 cm~', corresponding to the weak band at 420 cm~ in the infra-red 


(8) J. L. Hawes, J. Sci. Instr. 36, 264 (1959). 

K. E, Retwert, Z. Naturforsch. 15a, 85 (1960). 

J.C. Evans, Spectrochim. Acta 16, 428 (1960). 

H. Wirrex, Z. physik, Chem. (Le ipzig) B 52, 315 (1942). 

Landolt— Bornstein Zahlenwerte und Funktionen Bd. I, Teil 2. Springer, Berlin (1951). 
3} R. Meckr, Documentation of Molecular Spectroscopy No. 3368. Butterworths, London (1958). 
| J. Benrincer, Z. Elektrochem. 62, 544 (1958). 
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Table 1. Vibrational spectrum of nitrobenzene 


Raman Infra-red Assienment t 
Liquid (em™*)* Liquid Vapour [12) 
3081(m) (0-46) 3096(m) 3086(1) a, and 6, fundamentals 
3068(m) 
(2000-3000 region omitted) 
1961 (w) 977 977 1954(4,) 
1923(w) 935 1925(4,) 
1908(w 934 977 1911(B,) 
1876(w 934 934 1868(.4,) 
1842(w 837 990 1827( B,) 
LSOS(w 837 977 Isl 4(A,) 
1794(w 794 + 990 — 1784(A)) 
L77O(w 794 977 1771(B,) 
1742(w 1069 677 1746. 
1733(w 704 935 L729. 
L707(w 1002 704 1706. 
L675(w) 837 S37 16740. 
1616(w 1002 612 1614(B,); 
935 677 1612(2,) 
1597(s) 1603(s) a, fundamental 
1586 L585(s) by fundamental 
L575(w) 793 793 L5s86(4 1); VOL. 
852 710 1562(A,) 17 
1523(m) 92 527(vs) 1550(10) by NO, antisymmetric 196) 
stretching fundamental 
1476(m) 1475(s) 1486(3) a, fundamental 
1453(sh) 612 852 1464(2,); 
612 + 837 = 1449(A,) 
1412(m) 1412(m) b, fundamental 
1380(w) 1379(sh) 532 + 852 1384(B,) 
1358(w) 678 678 1356(4,) 
1345(vs) 1351 (vs) 1357(10) a, NO, symmetric 
stretching fundamental 


1316(s) b, fundamental 
1307(s) 1309(2) b, fundamental 

610 678 12 
1247(m) 1244/1) 252 1000 125 
12 


288( 
B, 
1220(vw) 611 611 22(A,) 
L183(2) 
1174(s) 1176(2)) A a, fundamental 
1171(2)} 
1161(s) 1160(vw sh) b, fundamental 
L1L07(s) ay fundamental 
1107(1)} 
1094(s) 397 + 704 1101( 
1074(m) p 397 678 1075(A,) 


(w) weak; mi) medium; (s) strong; (sh) shoulder; 
* Quantitative depolarization data from | 11}. 
+ Species designations as for C,, symmetry, cf. Table 2. 
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Table 1—(contd.) 


Raman Infra-red 
Assignment? 
Liquid (em™!)* Liquid Vapour [12] 
1065(1) 
1053(w) L069(s) 1069(1)) B(?) b, fundamental 
1074(1) 
1030(2) 
1021(s) 1020(s) 1025(2)) A a, fundamental 
1018/2) 
1004(s) 1002(m) | a, fundamental 
988(w) ~990(vvw) b, fundamental 
977(w) a, fundamental 
935(s) 933(1) C(?) b, fundamental 
857(5) 
852(s) 852(s) 852(5)}) A a, fundamental 
847(5)) 
837(vw sh) b, fundamental 
793(m) 73 794(s) 792(4) C b, fundamental 
710(w) 704(s) 7O1(8) C b, fundamental 
678(w) dp (7?) 677(s) 682(sh) a, fundamental 
610(s) 0-87 612(w) 591(1) b, fundamental 
532(m) 532(m) 519(0) bs fundamental 
435(w) 420(w) b, and b, fundamentals 
397(m) p a, and a, fundamentals 
252(w) b, fundamental 
176(m) dp bs fundamental 


spectrum of the liquid. Wirrex [11] reported two Raman lines at 512 and 535 em~! 
but other work and the present results reveal only one line corresponding to the 
infra-red band in the liquid at 532 em~', the value for the vapour being 519 em~. 
The band is definitely unsymmetrical, however, as is that recorded by Mecke [ 15}; 
his reported bands at ca. 410 and 450 cm presumably correspond to the values 
397 and 420 cm~! of Table 1. Other tabulated values are in good agreement with 
previous measurements. Assignments of all the observed frequencies are made in 
Table 1 on a basis of C,, symmetry and the fundamentals are collected in Table 2, 
where the approximate description of the modes is that of Wuirren [16] and the 
numbering of the corresponding benzene frequencies is that of WiILson [17]. 

Only the usual rather arbitrary assignment of the CH stretching frequencies is 
possible. The a,-component of the pair of CC stretching frequencies derived from 


49 in benzene is readily assigned at 1475 cm~ and the b, component might be 
assigned as the weak shoulder at 1453 em~!, but the band at 1412 cm with a 
corresponding depolarized Raman line of the same value seems more likely. This 
frequency is therefore somewhat lower than in other monosubstituted benzenes. 
The remaining ‘characteristic’ frequencies in the a,- and b,-classes [18] are readily 


R. Meckr, Documentation of Molecular Spectroscopy No. 2409. Butterworths, London (1957). 

D. H. Wuirren, J. Chem. Soc. 1350 (1956). 

B. Phys. Rev. 45, 706 (1934). 

R. R. Ranpie and D, H. Wutrren, Molecular Spectroscopy p. 111. Institute of Petroleum, London 
(1955). 


489 


OLe 
17 
96] 
(15) 
| 16} 
[17 
[18] 


J. H. 8. Green, W. Kywaston and A. 8. Linpsry 


Table 2. Assignment of fundamentals for nitrobenzene and the benzoate ion 


Mode [16] and No. [17] Nitrobenzene* Benzoate ion 


r(CH) 3096 3088 
r(CH) 3081 3073 
v(CH) 3081 3073 
r(CC) 1603 1601-1609 
1475 1483-1513 
pi(CH) 1174 1172-1181 
B(CH) 1020 1015-1026 
ring 1002 998— L006 
X-sens. 7 L107 1100-1107 
X-sens. j 852 828-846 
X-sens. 397 404 
NO,, CO,” sym. stretch 1351 1380-1427 
NO,, CO,” sym. deform 677 673-678 


y(CH) 990 ~990 
y(CH) 935 919-940 
y(CH) 794 812-819 
d(CC) 704 705-720 
X-sens. 176 170 
X-sens. 420 418 422 
O, rock 532 526-543 


v(CH) 3081 3073 
v(CH) 3068 3036 
1585 1593-1597 
v(CC) 1412 1407-1427 
r(CC) 14 1316 1305-1314 
B(CH) 3 1307 1270-1282 
B(CH) 9) 1161 1158-1163 
B(CH) 15 1069 1064-1073 
a(CCC) 6b 612 617 
X-sens. lsh 252 

NO,, CO,” antisym. stretch 1527 1552-1561 

NO,, CO,” rock 420 or 397§ 


as y(CH) l7a 977 
y(CH) 10a 837 
¢(CC) l6a 397 § 


* Liquid state values 
+ Ranges of observed values, Table 3. 


t Species designations assuming C,-symmetry, with plane of symmetry perpendicular to that of 


pheny! ring. 

§ Frequency used again. 
assigned. All the X-sensitive vibrations in the a,-class involve some CN stretching; 
they are assigned on a basis of the polarization and band contour data and are 
consistent with the values for related compounds. (That at 852 cm~ has previously 
[19] been identified as the CN stretching mode.) The a, out-of-plane ring defor- 
mation ¥,,, is almost certainly around 400 cm~ and in nitrobenzene lies at the same 


19) R. R. Ranpwe and D. H. Wurrren, J. Chem. Soc. 4153 (1952). 
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frequency as the lowest a,-mode. A detailed analysis of the combination bands in 
the region 1675-1960 cm~! in terms of the out-of-plane CH deformations y(CH) 
modes is given in Table 1 and confirms [20] the assignments made for these fre- 
quencies, all of which seem to be observed in the present spectrum of the liquid. 
Of the frequencies arising from the nitro group, the symmetric and antisym- 
metric stretching modes are readily assigned. The symmetric deformation fre- 
quency is expected in the range 650-700 cm~! and is assigned here to the strong 
infra-red absorption at 677 cm~', in agreement with BeurinGcer [14]. The corre- 
sponding Raman line is weak and recorded as depolarized [11] but with a query and 
we feel justified in ignoring this. That the strong infra-red band at 704 cm~ is the 
b, out-of-plane ring deformation v, is shown by the C-type contour appearing in the 
vapour spectrum, with the 682 cm~! band present on one side of it. The out-of- 
plane rocking mode of the NO, group is expected to have a higher frequency than 
the in-plane mode because, (a) the moment of inertia of the group about an 
axis perpendicular to its plane is much greater than that about an axis in its 
plane [21], and (b) the repulsion in the potential energy function for the out-of- 
plane mode is probably greater than that for the in-plane mode |22]. Therefore the 
band at 532 cm~ is taken as the out-of-plane rocking mode; the in-plane mode is 
evidently at the same frequency as some other mode, probably at 420 or 397 em~!. 
(In trifluoronitromethane, however, the two modes are apparently both at 400 
em~![23].) No evidence is available concerning the a,-torsional mode. 


Alkali metal benzoates 

The infra-red spectra of the solid alkali metal benzoates (Fig. 1) are summarized 
and correlated in Table 3, together with the Raman frequencies observed for 
saturated aqueous solutions of sodium and lithium benzoates. These latter values 
are in reasonably good agreement with those reported by FINKEL’SHTEIN and 
SHORYGIN [24], but in the present work neither the lines at 463 and 633 em~! 
reported by them with a query, nor their weak line at 497 cm~! were observed. 
They reported a line at 1142 em~! compared with the present value of 1134 em: 
this line is anomalous and does not appear in the infra-red spectra of the salts and is 
absent in nitrobenzene. The infra-red spectrum of sodium benzoate is in satis- 


factory agreement with earlier work [25-27] but the present results show more 


detail. 

All the spectra show three aromatic »(CH) bands unchanged with variation of 
the metal ion. Indeed, the expected parallelism between nitrobenzene and the 
benzoate ion is very close, especially in the region 800-1300 cm~!, and extends to 
some of the combination bands. In spite of the absence of band contour and 
depolarization data, an assignment, complete apart from one frequency, can be 


0) D. H. Wutrren, Spectrochim. Acta 7, 253 (1955). 
A. J. Wetts and E. B. Wiison, J. Chem. Phys. 9, 314 (1941). 
K. Iro- and H. J. Bernster, Can. J. Chem. 34, 170 (1956). 
J. Mason and J. DuNDERDALE, J. Chem. Soc. 759 (1956). 
A. I, FINKEL’sHTEIN and P. P. SuHoryain, Doklady Akad. Nauk S.S.S.R. 73, 759 (1950). 
. Duvat, J. Lecomte and F. Dovvitie, Ann. phys. 17, 5 (1942). 
2. Mecke, Documentation of Molecular Spectroscopy No. 4823. Butterworths, London (1959). 
M. Davies and R., L. Jones, J. Chem. Soc. 120 (1954). 
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Fig. 1. Infra-red spectra of alkali metal benzoates: (a) lithium, (b) sodium, 
(c) potassium, (d) rubidium, (e) caesium, 
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Table 3. Vibrational spectra and assignment of alkali metal benzoates 


Raman * | Infra-red 
Ay Assignment t 
(em~*) | Li Na K Rb Cs 
3074 3073(w) 3088(w) 3088(w) 3090(w) 3096(w)) a, and b, funda- 
3058(w) 3073(w) 3073(w) 307 3073(w) Se ‘ ls 
3036(w) 3036(w) 3036(w) 3038(w) 3043(w) eas 
1973(w) 1954(w) 1967(w) 1976(w) 1979(w) 
1927(w) 1926(w) 1927(w) Vs (A) 
1903(w) 191 1(w) Vice B,) 
1823(w) 1805(w) 1800(w) 1797(w) 1791(w) Vy7q(Ay) 
1793(w) 1773(w) 1775(w) v5(A,) 
1619(w) 1621(w) 1621(w) 1618(w) 1615(w) Vio Vig 
CO, sym. def. (B,) 
1600(s) 1602(s) | | 1609(sh) 1601(sh) a, fundamental, r,, 
1597(sh) 1595(s)| 1594(s)| 1595(s) 1593(s) b, fundamental, r,, 
1544(m) 1561(s) 1552(s) 1552(s) 1555(s) 1553(s) antisym. CO, str. (6,) 
1523(w) 1520(sh) 1524(sh) 1527(m) 1527(m) Vea CO, sym. def. 
(A,) 
1489(w) 1488(w) 1502(w) 1513(w) 1483(w) a, fundamental, v,,, 
. 1440(w) 1447(w) Vea( 
Ve» Vy0q(A 2) 
1427(s) 1413(s) 1407(s) 1411(sh) b, fundamental, 1,,, 
1406(s) 1395(s)) 
1384(s)| 1386(s) 1380(s) sym. CO, str. (a,) 
1347(w) 2 CO, sym. def. 
OL. (A,) 
1314(w) 1305(w) 1309(w) 131 1(w) 131 1(w)) 
17 1300(w) | 1304(w) 1301 (sh) b, fundamental, v,, 
96 ] 1282(w) 1270(w) 1270(w) 1280(w) 1280(w) b, fundamental, 


1237(w) 1236(w) 1231(m) ]1222(w) 1238(w) 
L181(w) 1L80(w) 1174(w) LL76(w) ~I1172(w) a, fundamental, 
1155(m) ~1150(w) ~Il1161(w) 1156(w) b, fundamental, 
1134(m) see text 
1107(w) 1101(w) 1100(w) 1105(w) L105(w) a, fundamental, 
107 1(m) 1065(m) 1065(m) 1065(m) 1064(m) 6, fundamental, 
1023(m) | 1023(m) 1026(m) 1020(m) 1016(m) 1015(m) a, fundamental, 
1001(s) 1002(w) 1006(w) 1005(w) 1000(w) 998(w) a, fundamental, 
9S84(w) 974(w) 970(w) 973(w) a, fundamental, 
940(w) 919(w) 929(w) b, fundamental, 
843(m) 846(m) 845(m) 836(m) 830(m) 828(m) a, fundamental, 
828(m) 840(m) a, fundamental, 
819(m) 819(m) 812(w) S15(w) b, fundamental, 
727(s) - - 731(sh) 731(w) 
720(s) 713(s) 719(s) 720(s) 
692(m) 709(s) 705(s) 715(s) 716(s) b, fundamental, 
678(m) 683(m)) 686(m)) 694(w)| 673(m) a, fundamental 
688(w) 


680(m)} 678(m)} 675(m) 

. 617(w) b, fundamental, v,, 
543(s) 526(m) b, fundamental 
422(m) 418(m) b, fundamental, ¥, 4, 

a, and 6, fundamen- 
tals, 
170(m) b, fundamental, 


617(m) 


404(w) 


* Obtained from saturated aqueous solutions of sodium and lithium benzoate. 
+ Notation as for nitrobenzene, cf. Table 2. 
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made of the fundamentals and is correlated with that of nitrobenzene in Table 2, 
where the range of observed frequencies is shown for each fundamental. No 
explanation for the 1134 em~!' Raman line can be found in terms of observed Raman 
frequencies, but the following combinations seem possible: ¥,, + ¥,,, (By); M6. 
v,(A,); CO,” rock (i-p) + vg, (A,). The analysis of the bands in the region 1615— 
2000 cm~! again provides support for the y(CH) assignments and indicates that an 
unobserved 6,-frequency is at ca. 990 em~'. The lowest 6, »(CH) frequency 
(yq)) 8 apparently some 20 em~ higher in the benzoate ion than in nitrobenzene. 
Whilst the antisymmetric CO, stretching frequency remains unchanged at 
1555 em"! throughout the series lithium to caesium, the symmetric frequency 


Table 4. Vibrational frequencies for nitro and carboxylate groups in some compounds 


( 
C—O 
Stretch 


NO,, CO, NO,, CO 
Sym. str, Sym. def, 


NO,, CO, CO, CO, 
Antisym. str, i-p rock o-p rock 


CH,NO, [21 ; 657 918 1562 481 608 
CH.CO, (22 25 645 O24 1578 165 615 
CF.NO, [23 315 1620 400 400 
CF,CO, [28 3: 601 S44 1681 410 437 
C.HNO, 35 677 852 1583 397(or 420) 532 
C.H.CO, 30: 680 828 1560 100(or 420) 526-543 
H 315 S20) 1536 
o-HOC,H,CO, 809 S16 1582-1587 

or 


shows a steady decrease, crossing and merging with the b, (CC) mode (v,,,) in the 
sodium salt; it is apparently split in the potassium salt. [This b, »(CC) frequency is 
assigned as in nitrobenzene; the higher possibility exists in two of the salts of 1440 
and 1447 em~! but these frequencies are attributable to the same combinations as 
in nitrobenzene.] A smaller trend is observed in one of the »(C—O) modes, Viga> 
which decreases steadily from 846 to 828 em~, together with a less certain trend in 
the higher a, #(CH) frequency (v,,) from 1023 to 1015 em.~! Some extra frequencies 
arise in the region 670-730 cm~ in a manner varying eratically between the salts. 
The symmetric CO, deformation frequency seems to be split in three of the salts 
and, except in sodium benzoate, an extra band appears just above the b, out-of- 
plane ring deformation v,. These are probably related to the physical state of the 


material, and the extra band may be a combination of a lattice mode with v,. 


The vibrational frequencies associated with the nitro and carboxylate groups in 
nitrobenzene and the benzoate ion are collected in Table 4, together with those for 
other similar isoelectronic pairs. 

(rroup frequency shifts in the vibrational spectra of solids may be due to a 
number of factors which at present can be assessed only on a qualitative basis. 
In the present case they may be summarized as follows: 

(a) Effects arising from variation of the spatial configuration of individual 
molecules, and ionic packing in the crystal. Ionic packing will be related normally 
to the cation/anion radius ratio which gives an approximate measure of the degree 
of shielding of the cations by the anions. 


[28) R. E. Roprson and R. C. Tayior, Spectrochim, Acta 15, 764 (1959); private communication by 
Dr. R. C. Taytor. 
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(b) Effects arising from electronic shifts due to intra- and inter-molecular 
polarization and crystal field interactions. Electronic shifts may arise through the 
inductive and electromeric effect of substituents, through electronic deformation of 
the anion by the cation (which can be related to the electronegativity value of the 
metal), through intermolecular field effects (which may be partly dependent on the 
degree of shielding of the cation) and through chelation effects where suitable 
substituents make it possible. 

(c) Effects arising from variations of the mass of the cation. Factors affecting 
the spectra of alkali metal benzoates are therefore likely to arise from variations of 


Table 5. Symmetric and antisymmetric CO, stretching frequencies of the alkali metal benzoates 
and salicylates 


Benzoates Salicylates 
Sym.str.  Antisym. str. Sym. str. Antisym. str. 


(a) (b) 
1427 1402 1356 1587 
1413 5d: 1407 1376 1582 
1395 5 f 1410 1394 1593 
1386 55! 1410 1390 1587 
1380 55t 1406 1391 1584 


ionic packing, electrophilic nature of the group —-CO,~ M*, electronic deformation 
of the benzoate anion, and mass of the cation. 


The assignments made above for the symmetric and antisymmetric CO, 
stretching frequencies show that the difference (Av) between these frequencies 
steadily increases through the series lithium to caesium (Table 5). Stimson [29] 


has previously pointed out that this difference is always greater for the potassium 
than for the sodium salts of benzoic and aminobenzoic acids, and the present 
results extend this observation. It was also suggested that this separation is a 
measure of the deformability [30] of the anion by the cation. However, using the 
values of Table 5, plots were made of: (a) Av against the polarizability values of the 
free ions [31]; (b) Av against the electronegativity values of the alkali metals [32]; 
and (c) the symmetric frequency against the electronegativity values. None of 
these revealed any simple linear relationship. 


o-Nitrophenol, salicylic acid, alkali metal salicylates 

The infra-red spectra of o-nitrophenol, salicylic acid and the alkali metal 
salicylates shown in Fig. 2, and the vibrational frequencies are summarized in 
Table 6, where the numbered rows indicate the correlations made between the 
various compounds, For o-nitrophenol, the Raman frequencies, although obtained 


M. Stimson, J. Chem. Phys. 22, 1942 (1954). 

[30] K. Fasans, Radioelements and Isotopes: Chemical Forces and Optical Properties Ch. IV. McGraw- 
Hill, New York (1931). 

[31] K. Fasans and G, Joos, Z. Physik 23, 1 (1924). 

| 32] W. Gorpy, J. Chem. Phys. 14, 8305 (1946). 


495 


Ap 
(a) (b) 
Li 185 231 
Na 175 206 
K 183 199 Be 
Rb 177 197 
C's 178 193 
| 
] 


Kywastow and 8S. A. Lispsry 


J. H. 8. Greex, W 


700 


4 


30002500 2000 1000 900 800 
Fig. 2. Infra-red spectra in the solid state of (a) o-nitrophenol, (b) salicylic acid, and the 
salicylates of (c) lithium, (d) sodium, (e) potassium, (f) rubidium, (g) caesium. 
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[14] in carbon tetrachloride solution, are in rather better agreement with the infra- 
red values than those of Reitz and SrockMatir [34], though the differences are 
small. There is satisfactory agreement between the present work and earlier 
values for salicylic acid [35-37], sodium salicylate [25] and potassium salicylate [36]. 

The correspondences between the spectra of o-nitrophenol and the salicylates 
are not as close as those between nitrobenzene and the benzoates. Although 
complete assignments of the observed frequencies have not been made, those 
given in Table 6 are consistent with such information as is available for o-disub- 
stituted benzenes [18, 38-40]. In particular, the two pairs v,,, rg, and r49,, V9, of CC 
stretching frequencies are satisfactorily assigned as rows 16, 17 and 20, 21, re- 
spectively; the lowest CC stretching mode y,, is row 26, with the adjacent §(CH) 
mode », at row 27, if these assignments are correct for benzene. The three other 
B(CH) frequencies »,,;, v,, and v,, seem to be satisfactorily assigned as rows 32, 33 
and 34, respectively. As in the benzoates, the bands in the region 1750-2000 em~! 
provide some evidence supporting the assignments for the y(CH) frequencies, the 
values of which show some variation among the compounds. However, satis- 
factory confirmation of the lowest frequency »,), could not be obtained in this way: 
assignment as row 45 seems reasonable [18], though the high intensity of the Raman 


line in salicylic acid is unusual. 

By comparison with phenol [41], the frequencies associated with the in-plane 
deformation of the OH group [46(OH)] and the C—O stretching vibration v,, are 
expected at ca. 1190-1200 and ca. 1250 em~!, though these modes are rather mixed. 
They may therefore be assigned to rows 31 and 30, respectively, but in o-nitro- 
phenol the bands at 1266 and 1257 cm~! are probably also associated with the 


v(C—O) vibrations. 

Some guidance in assigning the lower frequencies observed here was obtained 
from assignments for o-chlorophenol and o-chlorotoluene [40]. The approximately 
C—C| stretching mode v,, in these compounds is found at 834 and 803 em~!, re- 
spectively, appearing as strong polarized Raman lines, and in Table 6 the corre- 
sponding »(C—NQO,) or »(C—-CO,~) mode is therefore assigned to row 40. Similarly 
the higher out-of-plane ring deformation », lies just above 700 em~ in these and a 
number of other ortho-compounds [18, 40] and the values of row 43 are accordingly 
assigned to this vibration. (In the infra-red spectrum of o-nitrophenol the absorp- 
tion at 696 cm~! is extremely weak, but the band can be clearly observed, though 
still weak, in the spectrum of the molten substance.) Again, the “ring” vibration 
derived from vy, in benzene, which is at 735 em~! in o-xylene [38], 746 cm~ in 
o-fluorotoluene and 749 em~ in o-cresol [40], has dropped to 679 em~ in o-chloro- 
phenol and o-chlorotoluene since some substituent motion is involved. The cor- 
responding mode in Table 6 would therefore be row 44, although the expected 
Raman line is not observed. 


[34] A. W. Rerrz and W. Srockmarr, Monatsh. Chem. 67, 92 (1936). 

[35] D. M. Brown, Documentation of Molecular Spectroscopy No. 1046, Butterworths, London (1946), 
136) H. Musso, Ber. deut. chem. Ges. 38, 1915 (1955). 

[37] J. Lecomte, J. phys. radium 5, 3 (1938). 

[38] K. 8S. Prrzer and D. W. Scorr, J. Am. Chem. Soc. 65, 803 (1943). 

[39| A. R. Karrizxy and R. A. Jones, J. Chem. Soc. 3670 (1959). 

(40) J. H. S. Green. In preparation. 

[41] J. H. 8S. Green, J. Chem. Soc. In press (1961). 
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In o-nitrophenol, the symmetric and antisymmetric NO, stretching frequencies 
are easily assigned, but the symmetric deformation frequency is not obvious. 
From its position in nitrobenzene and some other nitrocompounds [14] it is pre- 
sumably present in the strong broad band at 665 cm~. Similarly, the CO, sym- 
metric deformation in the salts may be assigned as row 44. 

In salicylic acid the three frequencies usually associated with the COOH group 
[1] are at 1443 and 892 cm~! (both of which are absent in the salts) and 1292 em~! 
which, however, remains in the salts as the #(CH) frequency v,. (The same be- 
haviour occurs in benzoic acid.) 

The spectra of the alkali metal salicylates show a number of unexpected 
features. Firstly, the O—-H stretching frequency is absent from its expected 
position of about 3200 cm. Some difficulty was experienced in obtaining re- 
producible spectra in this region, especially of the lithium salt, where extra bands at 
3300-3600 cm~ arose from the presence of moisture. But pure dry samples of the 
salts showed no bands at, or above 3200 cm-'. They did, however, possess a very 
broad band of medium intensity with sub-maxima between 2900 and 2450 cm-'. 
This suggests that the OH stretching frequency, which has shifted from the normal 
value of 3610 to 3240 cm~ in salicylic acid, has shifted lower still in the salts by 
reason of the strong hydrogen bonding with the anionic form [36]. The strongest 
bands (row 6) lie at ca. 2740 cm~ in the lithium salt and at ca. 2555 cm~ in the 
other salts, indicating that the hydrogen bond is weaker in the lithium salicylate. 
Utilizing the relationship given by Lorp and MeRRyYFIELD [42], the hydrogen- 
bonded oxygen—oxygen distance can be estimated at 2-82 A in salicylic acid, 2-69 A 
in the lithium salt and ca. 2-64 A in the other salts. These values have only a 
comparative significance, however, since X-ray diffraction results give, for example 
2-59 A for the distance in salicylic acid [43]. 

A second feature is that along the series a broad band, which is absent in the 
acid, develops in the region 950-1000 em~! (row 36). In the lithium salt this 
appears only as two weak bands, in the potassium salt it is likewise double and at a 
rather higher frequency but in the other salts it appears as a broad band centred at 
about 999 cm~!. It is similar in appearance to the y(OH) frequency of carboxylic 
acid dimers [1] which is found at 892 cm~ in salicylic acid. Evidence from com- 
bination bands rows 8 and 9, suggests that the »(CH) frequency r, is underneath the 
broad band; no similar feature is present in the spectrum of o-nitrophenol. 

A pattern of five strong bands is observed in all the salts (rows 39, 40, 42, 43) of 
which the strongest (42) is assigned as a y(CH) frequency. Near this band in 
lithium salicylate is a very pronounced shoulder at ca. 776 cm~ and, although much 
reduced in intensity, it is still detectable at 766 cm~ in the potassium and sodium 
salts. (This feature was completely missing in the spectra of moist samples of the 
lithium salt which revealed an entirely new, strong band at 790 cm-', whilst the 
shoulder at 823 cm~! in the dry salt became entirely separate yielding two sharp 
strong bands at 812 and 822 cm~!; these changes were without parallel in the other 
salts.) 

The antisymmetric CO, stretching frequency in the salts can be satisfactorily 


{42} R. C. Lorp and R, E. Merryrrecp, J. Chem. Phys. 21, 166 (1953). 
[43] W. Fuuier, J. Phys. Chem. 63, 1705 (1959). 
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assigned as row, 18 though in three of the compounds it is not resolved from the 
adjacent »(CC) mode »,,. The frequency of the symmetric stretching mode is less 
certain, however. It is certainly associated with some, or all, of the frequencies 
correlated in rows 23 and 24. Two alternatives seem possible: 

(a) That the symmetric mode is row 23, and therefore virtually constant in all 
the salts at about 1407 cm~'. The frequencies of row 24 may possibly then be 
correlated with those of row 25 and attributed to a combination tone. 

(b) That the symmetric stretching mode is row 24, and therefore increases 
through the first three members of the series. Row 23 may then be attributed to a 


Table 7. Raman spectra of crystalline hydrated salicylates [44] 


Row no.* K(+}H,O) | Ca(+2H,O)  Zn( 2H,O) | Mg(+4H,0) Assignment * 


4 3054(4) »(CH) 

16 1626(6) 1618(1) 

17, 18 1589(2) 1568(3) 1560(1) 1580(8) »(CC); anti sym. 
CO.” str. 

21 1471(0) 1496(7) 1473(1) 1486(3) r(CC) 

23 1404(}) 1408(7) 1386(3) 1410(3) 


sym. CO, str. 


24(7) 1354(1) 1361(4) 1342(0) 1344(8) 
26 1305(1) 1311(4) 1305(0) 1299(6) v(CC) 
30 1261(1) 1243(3) 1244(8) 
17 31 1223(2) 1238(4) 1229(5) 1222(9) d(OH) , 
96] 32 11511) 1164(5) 1160(2) 1140(6) B(CH) 
33 1100(1) 1096(4) B(CH) 
34 1O039(1) 1041(6) 1036(3) 1037(6) B(CH) 
39 883()) 878(1) 867(4) y(CH) 
40 SL1(1) $20(5) 824(4) 818(6) v(CX) 
42 768(}%) y(CH) 
43 706(4) d(CC) 


* cf. Table 6. 


combination frequency, most probably 2y, (row 43). A clear choice between these 
two possibilities does not seem possible. Evidence from the Raman spectra is not 
conclusive, but the frequencies observed by Kanovec and KonLRauscnu [44] are 
given in Table 7. These relate to the hydrated crystalline salts and the numbered 
rows relate the frequencies and assignments to those of Table 6. 

Both alternatives for the symmetric stretching frequencies are summarized in 
Table 5 and in spite of the uncertainty certain generalizations can be made in 
comparing the salicylates and benzoates: 

(a) For all the alkali metals the antisymmetric stretching frequency is sig- 
nificantly higher in the salicylates than in the benzoates. 

(b) The separation Av is certainly higher in the salicylates than in the corre- 
sponding benzoates. Further, the trend in the series of salicylates does not show the 
steady increase of value observed for the benzoates: it is either approximately 
constant, or decreases. 


[44] L. Kanovec and K. W. F. Kontravuscu, Monatsh. Chem. 74, 333 (1943). 
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(c) The symmetric stretching frequency is lower in lithium salicylate than in 
lithium benzoate whilst, at the other end of the series, the values for rubidium and 
caesium salicylates are higher than those for the corresponding benzoate. 


It is clear, therefore, that variation of the metal atom in the alkali metal 
benzoates and salicylates causes definite and systematic shifts of frequencies in the 
region considered, but these shifts are not related in any simple way to the polar- 
izability or electronegativity values of the metals. They are most likely to be the 
resultant of some or all of the factors mentioned above. The observations for 
lithium salicylate indicating a weaker hydrogen bond are consistent with the much 
lower degree of ionization of this salt in the solid state [45]. 

Acknowledgement——We thank Mr. H. M. Patstey for taking the infra-red spectrum of nitro- 
benzene. 


45] S. Wiprevist, Arkiv Kemi 7, 229 (1954). 
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Vibration frequency and ionization potential—halide 
molecules* 


S. S. Mirra 
Department of Physics, Ontario Research Foundation, Toronto, Canada 


(Received 28 December 1960) 


Abstract—To represent the over-all effect of substitution on the vibration frequencies of a mole- 
cule, the use of the sum of all the normal frequencies is emphasized. It has been observed that a 


systematic correlation is possible between the sum of the fundamental vibration frequencies of a 


molecule and the first ionization potential of its constituent atoms. 


The sum, =v, of all the fundamentals (degeneracies, if any, included) of a molecule RX,,, 


where X are halogens and R an atom or a group of atoms, has been found to be a linear function 


of the sum of the first ionization potentials, LJ,, of the halogen atoms occurring in the molecule. 


A plot of Xv for a group of molecules with the same R but with all possible halogen substitutions 


against XJ, is thus a straight line. 
It has also been shown that the Ly values of two similar sequences of halides are linearly 
related: 


<»(R’X,,) + 


provided both the series contain the same number of halogens and the corresponding members 


are compared. 
Examples are presented from a large number of halides and mixed halide molecules. 


Introduction 
In a molecule RX. where R 


- ‘is an atom or a group of atoms and the X’s are atoms 
belonging to the same group of the periodic table, it is known that for the normal 
modes of vibration involving the X-atom, the frequencies strongly vary with X. 
Certain deformation frequencies [1] of the halogenated methanes have been 
correlated with the electronegativities of the halogen atoms. However, in molecules 
RX, with the same R but varying X’s, all the normal frequencies, whether or not 
directly involving the X’s, are more or less affected by the changing sequence of X. 
New frequencies may appear if degeneracy breaks down owing to lower symmetry 
resulting from substitutions. It is therefore suggested that the sum of the normal 
frequencies, including degeneracies if any, is a quantity best suited to express the 
over-all effect of the substituents. If observed fundamental frequencies are used, 
the sum gives approximately twice the zero-point energy and is thus expected to 
exhibit additive properties [2] for the sequence. 


Electronegativity and ionization potential 


To date several scales of electronegativities have been proposed [3], differing 


* A part of the work was done at the Division of Pure Chemistry, National Research Council, Ottawa, 
while the author held an NRC postdoctorate fellowship (1957-1959). Issued as NRC Contribution No. 
6275. 

[1] J. K. Witmsuurst, J. Chem. Phys. 26, 426 (1957); Can. J. Chem. 35, 937 (1957). 

{2) H. J. Bernsrern and A. D. E. J. Chem. Phys. 21, 2188 (1953). 

{3} H. O. Prrenarp and H. A, Skinner, Chem. Revs. 55, 745 (1955); W. Gorpy and W. J. Orvitie- 
Tuomas, J. Chem. Phys. 24, 439 (1956). 
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considerably among themselves. Thus any serious attempt to correlate the fre- 
quency sums with the electronegativities of the constituent atoms will only result 
in a rival seale of electronegativity. It is expected [4], however, that the electro- 
negativities should (i) decrease progressively downwards in any subgroup of the 
periodic table, (ii) increase with group number along any period of the periodic 
table, and (iii) be such that in a polar molecule XY, if charge flows from X on to Y, 
one would be able to say that Y is more electronegative than X. Both the pioneering 
definitions of MULLIKEN [5] and PauLine [6] satisfy the above criteria. However, 
a recent investigation [7] even doubts the criterion (i) for the fourth-group elements 
and one thus wonders whether one should use the electronegativities at all, for the 
correlation of vibration frequencies or force constants. 

Watsu [8] has shown that the force constant, k,,, of any diatomic hydride AH 
has a behaviour very similar to that of the electronegativity of the element A, 
obeying all the above criteria and having a one-to-one correspondence with 
Pavutrne’s seale. In fact, WitmMsuurst [9] has shown that /,,, is a linear function 
of the square of PavuLine’s electronegativity. Watsu [10] has further shown that 
the force constant £,, is a linear function of the square of the first ionization 
potential of the atom A. Thus the atomic ionization potentials can serve as an 
approximate measure of electronegativity. Moreover, by using them as such and 
without invoking their similarity to the electronegativities one avoids difficulties 
with the sequence of molecules formed of the group IV elements. 


Bond properties and ionization potential 
For restricted groups of diatomic molecules the equilibrium frequency [11] and 
dissociation energy [12] have already been related to the first ionization potential of 
one or the both of the constituent atoms. Relations [13] have also been proposed 
connecting the force constant, equilibrium internuclear distance, bond order and 
the first ionization potentials of the bonded atoms for diatomic molecules. For a 
small group of molecules TORKINGTON [14] has demonstrated that a linear relation 
exists between the force constant, k,,, and the first ionization potential, /,, of the 
halogen atom X. Except for the diatomic hydrogen halides, his force constants were 
ambiguous owing to lack of proper justification of the way they are derived. More- 

over, none of the mixed halogen substitutions was considered. 


Frequency sum and ionization potential 


No systematic attempt, to our knowledge, has been made for correlating the 
normal vibration frequencies of a polyatomic molecule with the atomic ionization 


Fasans, Z. Electrochem. 94, 507 (1928). 
S. J. Chem Phys. 2, 782 (1934). 
» Paviine, The Nature of Chemical Bond. Cornell University Press, New York (1940). 
». G. Rocnow and A. L. Attrep, J. Inorg. & Nuclear Chem. §, 269 (1958). 
D. Warsn, Proc. Roy. Soc. (London) A 207, 13 (1951). 
K. Witasuvurst, J. Chem. Phys. 28, 733 (1958). 
A. D. Wausn, Proc. Roy. Soc. (London) A 207, 22 (1951). 
Vansant, Z. Physik. 135, 512 (1953). 
S. 8S. Mrrra, Z. Physik. 137, 520 (1954). 
. STEVENS, S pectroc him. Acta 12, 154 (1958). 
. Torxinoton, Nature 161, 724 (1948). 
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potential of the constituent atoms. The purpose of the present series of communica- 
tions is to demonstrate (i) that the sum of the normal frequencies, Ed,v,, where d, is 
degeneracy of a normal mode of frequency, v,, is a relevant quantity for representing 
the over-all effect of substitutions in a sequence of related molecules, (ii) that it can 
be systematically correlated with the first ionization potentials of the constituent 
atoms, and (iii) that the sum of the fundamental frequencies of molecules belonging 
to a similar type of sequences are linearly related. 


Halide molecules 


In the present communication the halide molecules are treated, as they provide 
a large number of sequences of related molecules. With a view to finding a possible 


4300;— 
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£ 3300- o 
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Br Ci 
120 80 140 60 176 
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Fig. 1. Plot of Lv vs. J, for cyanogen halides and hydrogen halides. 


correlation between the frequency sum and the ionization potential, the sum, Xd,v, 
of all the fundamental frequencies of a molecule RX,, where X’s are halogens and R 
an atom or a molecular group, is plotted against the sum of the first ionization 
potentials, =/,, of the halogen atoms occurring in the molecule. Straight lines are 
obtained for series of molecules with the same R but with all possible halogen 


substitutions, indicating the existence of a linear relation between Xd,7, and X/,: 


= axl, + b (1) 


For diatomic halides the equation is simply 


= al, (2) 


However, (2) is applicable only to neutral molecules and not radicals, for only the 
first ionization potential of the neutral atom is used. 

The relations (1) and (2) have been tested for a number of sequences and are 
shown in Figs. 1—5. 
For the first ionization potential of the halogen atoms the following values have 
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Plot of » vs. I, I, for the halogen and interhalogen molecules. 
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Fig. 3. dr plotted against >» a for phosphorous trihalides, phosphorous oxyhalides 
and boron trihalides. 
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been used: 17-42, 12-96, 11-84 and 10-44 eV, respectively for F, Cl, Brand I. Vibra- 
tion frequencies are mostly taken from Herzpere [15] and Landolt-Bérnstein 
[16] Tables. Sources of additional data are as follows: halogenated methanes BERN- 
sTEIN and PuLurn [2]; halogenated ethylenes, BeRNsTEIN [17]; boron trihalides, 
LINDEMAN and [18], and Wentrxk and Trensvuv {19}. 


[15] G. Herzserc, Molecular Spectra and Molecular Structure Vols. I and Il. Van Nostrand, New 


York (1951). 
16) Landolt—Bérnstein Zahlenwerte und Funktionen, Atom und Molekularphysik. Springer, Berlin (1951). 


(17) H. J. Bernster, J. Chem. Phys. 24, 910 (1956). 
L. P. Loypeman and M. K. Witson, J. Chem. Phys. 24, 242 (1956). 
(19) T. Wentoxk and V. Trensvucv, J. Chem. Phys. 28, 826 (1958). 
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4. Plot of Ey vs. EJ, for tetrahalides of carbon, silicon and tin and tetrahalogenated 
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Fig. 5. Plot of Yr vs. ale for mono-, di- and tri-halogenated methanes and ethylenes. 


It will be noticed from the Figs. 4 and 5 that the slopes of the straight lines 
representing the sequences containing C (viz. CH,X, C,H,X, CH,X,, C,H,Xz, 
CHX,, C,HX,, CX, and C,X,) are roughly constant. Moreover, it is observed from 
Fig. 4 that the CX, line is a little steeper than the SiX, line, whereas the SiX, and 
SnX, lines are almost parallel, indicating their possible correlation with the ioni- 
zation potentials of C, Si and Sn, which are 11-22, 8-12 and 7-30 eV, respectively. 
However, owing to lack of data nothing more could be definitely established. 
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It may be commented here that exact sum rules [20] for Xd,v,* exist strictly for 
isotopic substitutions only. In addition, BeRNsTery and PULLIN [2] have demon- 
strated the additivity of Xd,v, too. They have also extended their ‘sum rule” for 
non-isotopic substitutions. However, their elaborate additivity scheme (utilizing 
a large number of constants) does not intend to establish any relation between 
frequency sum and a physical property of the substituents. Consequently, in case of 
sequences shown in Figs. 1 and 2, the “sum rule” is not applicable. If no data for 
molecules containing a particular halogen exist, the ‘‘sum rule” is unable to predict 
any value for the whole sequence of molecules containing that halogen as a complete 
or a partial substituent. On the other hand, the new relation (1) can predict such 
values. For example, starting only from CF, and CBr, it can not only predict rough 
Lv values of CCl, and Cl, but of all the mixed tetrahalides too. 

Attempts were made to see if some other quantity, in addition to the ionization 
potential, could be used for the purpose of correlating the frequency sums. The 
atomic number Z, and the “effective atomic’ number Z,’, introduced by Somaya- 
JuLU [21] in connection with the correlation of boiling points of halide molecules, 
were tried in place of J,, but with no success. 


Correlation between =v of two sequences 


The form of equation (1) readily suggests that the sum of normal frequencies, 
Lv of two sequences of the same type should be linearly related to each other, i.e. 


= + 3) 


where « and # are constants. It is needless to say that both the series RX, and 
R'X, must contain the same number of halogen atoms and corresponding members 
are compared. Figs. 6 and 7 show a plot of relation (3) for POX, and PX,, and CX, 
and SiX,, respectively. In fact equation (3), as it connects the measured vibra- 
tion frequencies only, is a better relation than (1). 

It is also noticed that for very similar sequences, where R and R’ belong to the 
same group of the periodic table, equation (3) can even be simplified to 


(3’) 


as is the case with the series CX, and SiX,. However, if R’ is a larger group than R 
(e.g. PO and P) it is obvious that £ will be non-vanishing, for there are more normal 
modes of vibrations for R'X,, than for RX,,. 

Tables | and 2 give a least-square fit of equation (3) for the pairs PX,, POX, and 
SiX,, CX,, respectively, and the observed and calculated values of Xv for POX, and 
CX, are compared. It may be noted that f for the SiX,, CX, pair is indeed very 
small compared to the Ly» values themselves. The fit is remarkably good, con- 
sidering the fact that only two constants are used, and is comparable to the fit for 
elaborate additivity schemes [2] employing a large number of parameters. 

20) J.C. Decius and E. B. Witson, J. Chem. Phys. 19, 1409 (1951); L. M. Sverpiov, Doklady Akad. 


Nauk S.S.S.R. 78, 1115 (1951). 


21) G. R. Somayasurev, Indian J. Phys. 9, 258 (1956). 
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Fig. 6. of phosphorous trihalides vs. of phosphorous oxvhalides 
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Fig. 7. Sv of silicon tetrahalides vs. Sv of carbon tetrahalides. 
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Table 1. Frequency sums calculated from Xr(POX,) 1471 + 1-317 
for the POX, molecules* 


(cale.) 
(em™!) 


(obs.) obs.) 
Molecule 1 Molecule 
(cm *) (cm *) 


% Dev. 


PCl, 2117 POCI, 4265 4259 0-14 


PBr, 572 POBr, 3519 3541 0-62 
PFCI, 2645 POFCI, 4941 4954 0-26 
PFBr, 2234 POFBr, 4411 4413 0-05 
PFCIBr 2431 POFCIBr 4681 4673 0-17 
PCIBr, 1733 POCIBr, 3768 3753 0-40 
PC1,Br 1935 POCI,Br 4028 4019 0-22 


* Data from | 16). 


Table 2. Frequency sums calculated from Lv(CX,4) 1-309 Lv(SiX 4) 14 for the 
CX, molecules * 


(obs.) <r (obs. Yr (eale. 
*) (em *) (em *) 


Molecule 


SiF, 5726 CF, 7499 7481 0-24 
SiCl, 3206 CCl, 4170 4183 0-31 
SiBr, 2301 CBr, 3069 3000 2-25 VOL. 
SiC], Br 3023 CCI, Br 3890 3943 1-36 17 
SiCIBr. 2568 CC1Br. 3351 3348 0-09 

3 3 7 ] 
SiC], Br, 2782 ‘1, Br, 3600 3628 0-78 


* Data from 


The practical use of a simple relation of the type (3) can hardly be overempha- 
sized. If vibration spectral data of a series of halides are available and if data for 
only two members of a related series are known, the Ly values for the whole series 
can be readily predicted. Thus from the data on halogenated methanes and from a 
few of the halogenated silanes, the Xv values of a large number of halogenated 


silanes can be reliably estimated. 
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Abstract —Some difficulties encountered in the application of the alkali halide disk technique in 
infra-red spectrometry are discussed. Complications due to interaction of the sample with the 
alkali halide have been studied experimentally. It was found that the anomalous behaviour of 
benzoic acid, succinic acid, adipic acid and succinimide in KBr and KCl disks must be ascribed to 
adsorption of the molecules of the sample on the surface of the alkali halide particles. The 
anomalous behaviour of «-naphthylacetamide, however, is caused by polymorphism of this 
substance, whereas the unusual spectrum of succinimide in KI disks is due to the formation of an 
addition product. The anomalies caused by adsorption can be eliminated by storage of the disks 
in a moist atmosphere; this “ageing process” is primarily caused by recrystallization of the 
alkali halide under the influence of water from the surrounding atmosphere. 


Introduction 

THE infra-red spectra of solid samples can be obtained by the alkali halide disk 
technique whereby a mixture of finely divided sample and alkali halide is con- 
verted into a disk under pressure [1-3]. When the technique was introduced it was 
received with considerable enthusiasm; even in quantitative analysis good results 
were claimed to be obtainable. The disk technique soon encountered some diffi- 
culties, however: spectra could not always be reproduced to the desired degree for 
quantitative or even qualitative purposes and sometimes considerable differences 
were observed when spectra of samples dispersed in alkali halide disks and mulled 
in Nujol, respectively, were compared. A review of the difficulties encountered has 
recently been given by DuycKAERTs [4].* We shall draw attention here in particular 
to the anomalous phenomena observed by FARMER |6, 7] and Baker [8]. 

FARMER [6, 7] stated that the spectra of solid organic acids and phenols sus- 
pended in alkali halide disks differed from the spectra of the same samples mulled 
in Nujol. Sample and alkali halide were ground and mixed in an electromagnetic 


vibrator; the powder was pressed in a mould using a thrust of 8 tons. For a further 
study of the phenomena FARMER used benzoic acid. KI being used as a carrier 
benzoic acid showed the spectrum of the normal crystalline dimer. If KBr, KCl or 
NaCl was used as a carrier the infra-red absorption bands of the dimer at 7-02 and 


* See also | 5). 


', Scnrept, Z. Naturforsch. 8b, 66 (1953). 
Analyst 84, 201 (1959). 

A. Toik, Thesis, University Utrecht (1959). 
’.C. Farmer, Chem. & Ind. London 586 (1955). 
’. C. Farmer, Spectrochim. Acta 8, 374 (1957). 

. W. Baker, J. Phys. Chem. 61, 450 (1957). 
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7-73 « were weakened relative to the rest of the spectrum; this weakening of the 
dimer bands was increased if a longer grinding time was used. If the ground mix- 
ture of the acid with NaCl was heated for 2 hr at 80°C before pressing, the bands of 
the dimer were completely absent from the spectrum of the disks and new bands at 
longer wavelengths became visible. 

According to Farmer the new bands in the spectrum are to be ascribed to 
monomeric benzoic molecules adsorbed on the surface of the alkali halide particles. 
The crystalline dimer is readily volatile and, on heating the ground mixture of 
benzoic acid and NaC] in a thin layer at 80°C before pressing, the excess of the 
normal dimeric form of the acid is evaporated leaving the monomeric form alone 
adsorbed on the NaCl surface. Examination of other carboxylic acids and of 
phenols under conditions similar to those used with benzoic acid revealed spectral 
changes which could again be ascribed to adsorbed molecules. 

In contradiction to Farmer the variations between mull and disk spectra of 
organic compounds are ascribed by Baker [8] to polymorphic or amorphous forms 
of the sample in the alkali halide disk. The adsorption effects in alkali halide disks 
should be limited to a small percentage of the total sample because even in the 
most finely ground mixture the included sample has particle sizes which contain 
large aggregates of molecules. 

Baker described experiments with hexamethylenetetramine, benzil, succini- 
mide x-naphthalene acetamide and 2-aminobenzoic acid in support of his view. 
Unfortunately he did not implicate the substances used by FARMER in his investi- 
gation. 

Independent of Farmer we also observed the anomalous spectrum of benzoic 
acid dispersed in alkali halide disks. Besides this we observed that this spectrum 
was converted into the normal spectrum of benzoic acid when the disks were exposed 
to the atmosphere during a few days[9]}. As this “ageing process’ might give a clue 


to the origin of the anomalous spectra of benzoic acid and other substances we 


started a closer examination of the phenomena. 


Materials and methods 
The investigated substances were benzoic acid, succinic acid, adipic acid, 
succinimide and x-naphthylacetamide. The alkali halides used were KC], KBr and 
KI reagent grade. manufactured by Merck. 


Sampling techniques 

A. Mixing of sample and alkali halide 

(1) Vibrating technique: 0-2-2-0 mg of the sample and 200-1000 mg alkali 
halide were mixed together with two ball-bearings (2 mm diameter) and ground 
during 20 min in a solenoid vibratory grinder manufactured by Weber, Stuttgart 
Uhlbach. 

(2) Dry-freezing technique: 0-2—2-0 mg of the sample and 200-1000 mg alkali 
halide were dissolved in about 5 ml of distilled water and poured into a Pyrex test 
tube (internal diameter 14 mm). The test tube rotating in vertical position with a 


9) A. and H. J. vax per Moen, Chem. Weekblad 53, 656 (1957). 
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speed of about 2000 rev/min was surrounded by a carbon dioxide—acetone mixture 
to freeze the solution quickly. After removal of the carbon dioxide—acetone mixture 
the ice in the tube was evaporated completely in high vacuum at room temperature 
in about 3 hr; the vacuum was maintained with an ordinary oil vacuum pump. 

The “effective surface” of pure KC] powder dry frozen in this way was determined 
using the B.E.T.-method with nitrogen. The surface proved to be 4-3 + 0-3 m?® 
per g KCL* 


B. Pressing of the disks 

The finely divided mixture of sample and alkali halide was brought into a die 
with splittable cone (internal diameter 13 mm) designed by Schiedt and manu- 
factured by Weber, Stuttgart-Uhlbach. The die was evacuated for 5 min by a 
vacuum pump and then a pressure of 13 tons was applied for 20 min, followed by a 
pressure of 3 tons during 10 min. After this the outer atmosphere was admitted and 
the die disassembled. The disk mounted in a microholder was placed in the sample 
beam of the spectrophotometer. No reference disk was used in the reference beam. 

The spectrophotometer used was a Perkin-Elmer model 21 with linear wave- 
length scale and equipped with a NaCl prism in the wavelength range of 2-15 yu 
and a KBr prism in the range of 10-22 wy. 


Investigation of the validity of the adsorption hypothesis of Farmer 
In this study the behaviour of benzoic acid, succinic acid, adipic acid, x-naph- 
thylacetamide and succinimide are included. 


A. Benzoic acid 

The anomalous behaviour of benzoic acid can be illustrated with the spectra, 
Fig. I(a—c). Fig. l(a) is the spectrum of a Nujol mull of the acid between two NaC] 
windows. Fig. 1(b) is the spectrum of a disk pressed from a dry-frozen mixture 
of benzoic acid (0-8 mg) and KCl (1000 mg) and Fig. l(c) is the spectrum of the 
same disk after storage in air during four days. Spectra (a) and (c) correspond to 
benzoic acid in the normal dimeric form. Spectrum (b) on the contrary corresponds 
to benzoic acid in the anomalous form: a number of absorption peaks characteristic 
of the normal dimeric form are absent, for instance the peaks at 7-02 and 7-73 u 
mentioned above, whereas new peaks have appeared, for instance at 8-10 and 15-40 
u.* For a further study of the phenomena, disks containing increasing amounts of 
benzoic acid relative to the amount of KCl were examined. If the absorption 
hypothesis of FARMER is true a saturation value may be expected for the amount of 
anomalous product per gramme of the alkali halide carrier. The experiments were 
carried out with concentrations of the acid in the range of 0-4-8-0 mg per g KCl. 

As the dry-freezing technique resulted in a more pronounced anomalous be- 
haviour of benzoic acid and furnished results that were more reproducible than 
those obtained with the vibration technique, the former was used for the mixing 
process. The mixtures were pressed as described above and the spectra of the disks 


* This measurement was carried out by Dr. A. B. C. van Doorn and Dr, F. N. Hooce of the Rijks 
Verdedigings Organisatie/T.N.O. in Delft. 
+ The wavelengths of these new peaks change a little with the alkali halide used. 
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a) Spectrum of benzow acid mulled in Nujol 
b) Spectrum of a disk pressed from a dry frozen water solution of 1000 mg KC] and 0-5 mg 
benzo 
Spectrur the spectrun bb) alter storage m a mort atm pap tow 
4 days 


were determined instantly after pressing. The disks with a low benzoic acid/KC! 


ratio contained the acid in the anomalous form only, as the spectra showed. At 
higher concentrations the normal form showed up additionally 

Fig. 2 illustrates the amount of anomalous acid per gramme KC! found in the 
disks as a function of the weighed-in quantities of benzoic acid. The amounts of 
the anomalous product were determined with the absorption peak at 8-10 mw using 
the horizontal through the transmission maximum at 6-78 « in each spectrum as a 
base line. The extinction coefficient of the 8-10 ~ peak was determined with the 
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disks containing less than | mg of the acid per g KCI, as these disks contained the 
acid in the anomalous form only. 

The horizontal part in the curve on Fig. 2 shows that a saturation value of the 
anomalous acid exists indeed; a mean value of 2-68 mg/g KCl was found. Using 
the effective surface of the KCl of 4:3 + 0-3 m* per g mentioned above the KC! 
surface is calculated to be 32-5 + 2-5 A? per molecule anomalous acid. 

Compared with a surface of 22 A? for the mean cut of fatty acid molecules found 
with the Langmuir trough, this value looks quite reasonable. The pressing factor 


L 


4- x 7 
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mg benzoic acid weighed 
0 in per gram KCI 
T 7 


re) 1 2 3 4 5 7 9 10 


Fig. 2. Amount of anomalous benzoic acid as a function of benzoic acid weighed in per g KCI. 


proved to be of minor importance for these phenomena: Nujol mulls of dry-frozen 
mixtures of 0-40 mg benzoic acid and 300 mg KCl showed the anomalous spectrum 
as well. It proved to be possible to make the benzoic acid adhere to finely divided 
KC! via the gas phase at room temperature and also at 110°C. The disks pressed 


from these samples showed the spectrum of the anomalous product (phenanthrene 
treated in the same way did not adhere to KC\). 
Summarizing, we are led to the conclusion that the anomalous behaviour of 


benzoic acid in alkali halide disks has to be ascribed to acid molecules deformed by 


adsorption on the surface of the alkali halide crystals, in accordance with the 
adsorption hypothesis of Farmer. The critical factor appears to be the method of 
mixing of sample and carrier. 


B. Succinic acid and adipic acid 


These acids proved to behave in the same way as benzoic acid. The most 


characteristic peak of the anomalous form in KC! disks is in both cases situated at 
8-12 w.* The saturation value of the anomalous form of succinic acid in disks 


pressed from mixtures of the acid and KC! dry frozen from water solutions proved 
to be 2-04 mg per g KCl. This corresponds to an effective KC! surface of 41-5 3 
| 
A? per molecule of adsorbed acid. The saturation value of adipic acid in the anoma- 
lous form proved to be 2-01 mg per g KCl. This corresponds to an effective KC! 
| | 
surface of 52 + 4 A® per molecule of the adsorbed acid. 


* The wavelengths of these new peaks change a little with the alkali halide used. 
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The anomalous behaviour of z-naphthylacetamide can be illustrated with the 
spectra Fig. 3(a—c) in the wavelength range of 10-22 yw giving greater spectral 
differences than the normal range of 2-15 w. Fig. 3(a) is the spectrum of a 
Nujol mull of the amide between two KBr windows. Fig. 3(b) is the spectrum 
of a Nujol mull of the amide being recrystallized from acetone. This is the spectrum 
of the anomalous product. Fig. 3(c), showing a combination of the spectra (a) 


in mucror 


22 


Fig. 3 
(a) Spectrum of normal z-naphthylacetamide mulled in Nujol. 
b) Spectrum of anomalous a-naphthylacetamide (obtained by recrystallization from 
acetone) mulled in Nujol. 
(c) Spectrum of a disk pressed from a dry-frozen water solution of 300 mg KCl and 1-2 
mg «-naphthylacetamide. 
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and (b), is the spectrum of a disk pressed from a mixture of 1-20 mg «-naphthyl- 
acetamide and 300 mg KC dry-frozen from a water solution. «-Naphthylacetamide 
and KC! mixed in the solenoid vibrator and pressed to a disk showed a spectrum of 
the same kind as spectrum (c). 

We could transfer the ‘anomalous’ form of the amide into the normal crystal- 
line form by recrystallization from a saturated solution of the product in water or 
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Fig. 4. Extinction of anomalous z-naphthylacetamide as a function of the total amount of 
a-naphthylacetamide weighed in per g KC! 


acetone. The presence of seeding crystals of the normal product in the solution 
proved to be essential here. 

Storage of a disk containing the anomalous form did not show any effect, how- 
ever. «-Naphthylacetamide in the normal form heated in the air for 2 hr at 
temperatures below 135°C, mulled in Nujol, showed the normal spectrum, The 
normal product heated above 135°C for 2 hr showed (in Nujol mull) the anomalous 
spectrum only. Thus z-naphthylacetamide shows enantiotropism phenomena with 
a transition point at about 135°C. Below this temperature the normal form is the 
stable product and above this point the anomalous form is the stable one. At 
room temperature the conversion of the anomalous into the normal form goes very 
slowly, if at all. In contrast with the acids mentioned above the anomalous form 
of a-naphthylacetamide can be isolated. This adds evidence in favour of the 
polymorphism hypothesis of Baker in this case. To be quite sure disks containing 
increasing amounts of «-naphthylacetamide relative to the amount of KCl used 
were examined. If the polymorphism hypothesis is right there is no reason for a 
saturation value of the anomalous form per g KCl used. 

The results of our experiments are summarized in Fig. 4, giving the extinction 
of the 14-86 4 peak of the anomalous form as a function of the weighed-in quantities 
of the amide per g KCl. The horizontal through the transmission maximum at 
14-00 « in each spectrum was used as a base line. 

The dry-freezing method was used again as a mixing technique. Unfortunately 
we were not able to produce disks with the amide in the anomalous form only and 
this is the reason why only the extinction of the anomalous form and not its 
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amount has been given. Though the investigated concentration region is rather 
large, Fig. 4 gives no indication of any saturation value of the anomalous form 
of «-naphthylacetamide. 


Fig. 5. 
(a) Spectrum of a disk with 500 mg KCl and 1-00 mg normal succinimide, 
b) Spectrum of a disk pressed from a dry-frozen water solution of 500 mg KCl and 1-00 mg 
succinimide. 
¢) Spectrum of a disk pressed from a dry-frozen water solution of 421 mg KI and 1-06 mg 
succinimide, 


From these results we may conclude that the anomalous behaviour of «-naph- 
thylacetamide has to be ascribed to polymorphism phenomena, in accordance with 
BakER’s hypothesis. Here again the critical factor appears to be the way of 
mixing of sample and carrier. 
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D. Succinimide 

The anomalous behaviour of succinimide can be illustrated with the spectra 
Fig. 5(a—c). Fig. 5(a) represents the spectrum of a disk with 1-00 mg of normal 
succinimide in 500 mg KCl. Fig. 5(b) shows the spectrum of a disk prepared 
from a dry-frozen water solution of 1-00 mg succinimide and 500 mg KCl. The 
disk used for spectrum (b) gave the spectrum (a) after storage in a moist atmosphere. 
Fig. 5(c) is the spectrum of a disk prepared from a dry-frozen water solution of 
1-06 mg succinimide and 421 mg KI.* Storage of this disk did not show any effect. 
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Fig. 6. Amount of anomalous succinimide as a function of the total amount of succinimide 
weighed in per g KCl. 


According to BAKER the three different spectra mentioned here should be ascribed 
to three different polymorphic modifications of succinimide. 

We studied first the behaviour of succinimide in KC] disks (the behaviour in 
K Br is nearly the same). Disks were prepared again with increasing amounts of the 
sample relative to the amount of KCl used. Sample and carrier were mixed by dry 
freezing from a water solution. The results of these experiments are shown in 
Fig. 6 where the amount of the anomalous product is given as a function of the 
weighed-in quantity of succinimide per g KCl. Here the anomalous absorption 
peak at 10-85 yw is used with the horizontal through the transmission maximum at 


10-25 mw in each spectrum as a base line. 

The reproducibility of the experiments is not very satisfactory; yet here is a 
strong indication that the amount of anomalous product is limited to 1 or 2 mg per 
g KCl. Contrary to BAKER we therefore are inclined to ascribe the anomalous 
spectrum of succinimide in KCl to an adsorbed form. 

The behaviour of succinimide in KI proved to be quite different from the be- 
haviour in KCl and KBr (and Csl). The conversion into this new form was always 
complete, both with the vibration method used as a mixing method and the dry- 
freezing method, if the molecular ratio KI/suecinimide was } or more. We could 
not change the spectrum in a KI disk in any way. Here also the pressing factor 
proved to be of minor importance: mixtures of succinimide and KI mulled in 


* The peaks at 11-00, 13-05 and 13-25 mw are absent in the spectrum published by BAKER. 
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Nujol also gave the anomalous spectrum only. Supposing that this anomalous 
spectrum was the spectrum of an addition product of succinimide with KI we 
determined the amount of the anomalous product with increasing K1/succinimide 
ratio. KBr was used as a carrier for those mixtures. The procedure was as follows: 

Various amounts of succinimide and KI were mixed very thoroughly in the 
solenoid vibrator. Weighed-in amounts of these mixtures were mixed with about 


extinction anomalous 


~~. imide per mg imide 


KI-succinimide ratio 


1 1% 2 


Extinction of the anomalous band at 11-00 4 in dependence 
of the KI-—succinimide ratio. 


400 mg KBr in the vibrator and pressed into disks. These disks showed the anoma- 


lous spectrum. The extinctions were determined for the 11-00 « peak of the anoma- 
lous product using the horizontal through the transmission maximum at 11-40 a 


as a base line. 

The results of these experiments are summarized in Fig. 7 giving the extinction 
of the anomalous product per mg imide as a function of the KI/succinimide mole 
ratio. The curve in Fig. 7 shows a sharp break at the mole ratio of }. This suggests 
the presence of an addition product with the formula (C,H,;O,N),,.(K1),. The 
melting point of this product proved to be 138°C (m.p. succinimide is 126°C). The 
melt contained succinimide only; KI was present as a solid. As far as we are 
aware the addition product described here is not mentioned in literature. The 
addition product already known (C,H,O,N),.K1.1, proved to give a quite different 
spectrum. 

Summarizing we conclude that adsorption processes play an important role 
in the anomalous behaviour of succinimide dispersed in KC] (KBr) disks, whereas 
the anomalous behaviour in KI disks has to be ascribed to the formation of an 
addition product contrary to the conception of BAKER. 


The ageing process 
Studying the anomalous behaviour of benzoic acid in alkali halide disks we 
observed that the acid was converted completely into the normal form after storage 
of the disks in a moist atmosphere during a few days. A further study of the 
phenomena gave the following results: 
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(a) The deciding factor for the ageing process is the relative humidity of the 
surrounding atmosphere. The conversion of anomalous benzoic acid in KCI disks 
is complete after three days at room temperature in atmospheres with a relative 
humidity of 30 per cent or more. In atmospheres with a relative humidity of 15 per 
cent or less the acid is not converted at all. With KBr used as a carrier the con- 
version occurs at still lower relative humidities: anomalous benzoic acid in KBr 
disks stored in an atmosphere of 15 per cent relative humidity during 3 days is 
converted for the greater part into the normal form. For these conversions the 
temperature of the surrounding atmosphere proves to be of minor importance. 

(b) During the ageing process water from the surrounding atmosphere enters 
into the disk: the absorption band of water at 2-94 y is intensified during the ageing 
process (and decreases again afterwards); the take-up of water is about 0-1 mg ina 
disk of 200 mg. 

(c) The water taken up diffuses through the whole disk: KCl disks of the 
anomalous acid stored in a D,O atmosphere of 47 per cent relative humidity at room 
temperature showed after 3 days the spectrum of the normal C,H,COOD-dimer 
only. In a D,O atmosphere of 15 per cent relative humidity, there had not taken 
place any change at all. 

(d) The alkali halide recrystallizes during the ageing process: in an X-ray 
diffraction diagram of a KCl disk with benzoic acid in the anomalous form the KC! 
lines are diffuse and a little shifted whereas the KC] lines in the same disk after the 
ageing process are sharp and at the right places.* 

From these results we may draw the conclusion that the ageing process is 
primarily caused by the recrystallization of the alkali halide in the disks into (larger) 
crystalline particles. During the recrystallization the adsorption capacity for 
benzoic acid, ete., of the alkali halide diminishes to (nearly) zero. Succinic acid, 
adipic acid and succinimide in KCl and KBr disks behave in the same way as 
benzoie acid. «x-Naphthylacetamide in KC] and KBr disks and succinimide in KI 
disks behave quite differently; the recrystallization of the alkali halide during the 
ageing process obviously does not have any effect on the modification of these 
samples. 

Discussion and conclusions 


Reviewing the experimental evidence available so far, it must be concluded that 
one should be very careful in the interpretation of the infra-red spectra of solids, 
dispersed in alkali halide disks. A good many circumstances may give rise to 
anomalous spectra—in particular, polymorphism of the investigated substances 
and interaction between these substances and the alkali halides, varying from 
adsorptiont to real chemical compound formation. 

There is no reason, however, to reject the alkali halide disk technique as being 


* These X-ray measurements were performed by Prof. Dr. A. F. PEERDEMAN and J. B. Hutscuer of 
the Laboratory for Crystal Chemistry in Utrecht. 

+ According to Buur JENSEN [10, 11] the adsorption hypothesis is wrong; the anomalies should be 
caused by the sample present in supersaturated solutions in the physically bound water in the disk 
due to the high pressure applied during the manufacture of the disk. According to us the hypothesis of 
Buvr JENSEN is not applicable in the cases mentioned above. 


[10] J. Buur Jensen, Dansk Tidsskr. Farm, 32, 205 (1958). 
[1l} J. Buwr Jensen, Dansk Tidsskr. Farm. 33, 33 (1959). 
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unreliable on the grounds of the phenomena described above. In quite a number of 
cases none of the complications pointed out above will occur: in other cases it is 
possible to eliminate them, for instance: anomalies caused by adsorption of a 
number of organic substances on finely divided alkali halides can be depressed by 


exposing the disks to a moist atmosphere. 
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Molekiilmodellrechnungen mit elektronischen Rechenanlagen—V 
p-Nitranilin, p-Nitrodimethylanilin und p-Nitrodiaethylanilin 


Joser BRANDM(LLER*, Ericn W. Scumip*t, Heryz W. Scurérrer*§ 
und 
GFERHARD NONNENMACHERT 


( Re ceived 30 Dece mber 1960) 


Abstract According to a procedure dey eloped by Scumip [1] the vibrational frequencies and 
the normal co-ordinates of a simplified model of p-nitroaniline have been calculated with different 
values for the masses of the substituents. The calculated frequencies are compared with the 


frequencies observed in the Raman and infra-red spectra, and an assignment is given. 


SCHORYGIN [siehe etwa 2], BEHRINGER und ScurOTTER | 4] haben die Resonanz- 
taman-Spektren von p-Nitranilin, p-Nitrodimethylanilin und p-Nitrodiaethyl- 
anilin untersucht. Zum Vergleich hat Scurérrer auch die IR-Spektren auf- 
genommen (siehe {4]). Um die Zuordnung dieser Spektren zu erleichtern, wurden 


be 


Abb, 1 (a) p Nitranilin. (b) Das berechnete Modell. 


anschliessend an die Modellrechnungen der Mono- und Para-Derivate des Benzols 
|5, 6] die Schwingungswellenzahlen eines vereinfachten Modells von p-Nitranilin 
berechnet (Abb. 1). Der Modellrechnung liegen dieselben Ausgangsdaten zugrunde 
wie derjenigen fiir die Mono- und die symmetrischen Para-Derivate. Die Substitu- 
enten X, Y wurden dabei als Massenpunkte behandelt und fiir die C—X—bzw. 
(—Y— Valenzkraftkonstante zur Beriicksichtigung der chinoiden Grenzstruktur 


des p-Nitranilins (siehe |7]) versuchsweise der Wert 8,3 10° dyn/cm angenommen 


Das bedeutet, dass sich bei dieser Rechnung die gegeniiber den Para-Derivaten 


* Physikalisches Institut der Hochschule Bamberg 

+ Institut fiir Physikalische Chemie der Universitat Freiburg i. Br. 

+ Nunmehr Florida State University, Physics Department, Tallahassee, Florida. 
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H. W. Scurérrer, Z. Elektrochem. 64, 853 (1960). 
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| G. W. WuHetann, Resonance in Organic Chemistry. Wiley, New York (1955). 
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veranderten Krifteverhiltnisse nur in der Rasse A, bemerkbar machen, wihrend 
tatsichlich alle ausser den A,-Schwingungen mehr oder weniger stark beeinflusst 
werden. Fiir die Massen m x (my) wurden die Atomgewichte 14 (14), 16 (20), 20 (20) 
und 28 (28) eingesetzt. Bei den Massen mx und my handelt es sich um die Gruppen 
NH,, NO,, N(CH), und N(C,H;),. Das Ersetzen dieser Gruppen durch Massen- 
punkte ist nur als rohe Niherung erlaubt. Es wird dadurch nimlich die Kopplung 
und damit die Resonanz zwischen den inneren Schwingungen der Substituenten 
und den Schwingungen des (,H,X Y-Molekiils vernachlissigt. Eine gute Niherung 
ist nur bei solchen Schwingungen zu erwarten, bei denen diese Resonanz klein ist. 
Dies ist z.B. der Fall bei Schwingungen, deren Frequenz gross gegeniiber den 
Frequenzen der inneren Schwingungen der Substituenten ist. Hier werden im 
wesentlichen nur die Stickstoffatome mitschwingen, darum die Wahl iy my 

14. Als starre Gruppe lisst sich wegen der hohen r-N—H-Frequenzen am ehesten 
NH, auffassen (m, 
Frequenz starr verhalten werden. Fiir diese wurde versuchsweise eine scheinbare 


‘ 16), wiihrend sich alle anderen Gruppen wohl bei keiner 
Erhéhung der Stickstoffmasse auf m, 20angenommen. Fiir Gleichtaktschwing- 
ungen erscheint diese Wahl berechtigt und ist gleichbedeutend mit einer Interpreta- 
tion der Kopplungskriifte als Triigheitskrifte. Wiirde man die Eigenschw ingungen 
des (nicht vereinfachten) Molekiils kennen, so wiire es grundsatzlich moglich, die 
Kopplungskrifte niherungsweise mit in die Trigheitskrifte von X bzw. Y auf- 
zunehmen. Man wiirde dann aber fiir jede Eigenschwingung eine andere scheinbare 
Masse erhalten und diese wire sogar wahrscheinlich in den verschiedenen Koordina- 
tenrichtungen verschieden gross. Es lisst sich daraus schliessen. dass bei 
Schwingungen des C,H,X Y-Molekiils, deren Frequenzen unempfindlich gegeniiber 
Anderungen der Massen mx und my sind, auch keine allzu grosse Resonanzab- 


stossung zu erwarten ist. Zum selben Ergebnis fiihrt auch folgende [ berlegung: 


Bei den genannten masse-unemptindlichen Frequenzen bewegen sich die Teilchen 
X und Y nur wenig oder gar nicht. Damit kann aber die Kopplung mit den inneren 
Schwingungen der Substituenten nur iiber die Wechselwirkungskrifte erfolgen. 
die erfahrungsgemiiss klein sind. Zur Abschitzung der Stabilitat der Schwingungen 
xegeniiber Masseinderungen wurde deswegen die Rechnung auch fiir mx my 

28 durchgefiihrt. 

Die Anderungen, die sich nach der Benzolzuordnung von Marr und Hornie [8] 
gegeniiber der von INGOLD ef al. [9] ergeben, sind durch eine Niherungsrechnung 
bestimmt und in kursivem Druck in Tabelle 1 hinzugefiigt worden, in der die 
berechneten den gemessenen Wellenzahlen gegeniibergestellt werden, soweit eine 
Zuordnung méglich war. 

Das p-Nitranilin hat die Symmetrie C,,. Das Molekiil hat 42 Normalschwing- 
ungen. Davon gehéren 15 zur Rasse A,, 5 zu Ag, 14 zu B, und 8 zu B,. Das Modell 
hat 11 Schwingungen der Rasse A,-, 3A,-, 10B,- und 6B,-Schwingungen. Die 
iibrigen sind den Substituentengruppen zuzuordnen. Beim p-Nitrodimethylanilin 
und p-Nitrodiaethylanilin kommen noch die Schwingungen der Methyl- bzw. 
Aethylgruppen hinzu. Die Modelle mit gleichen Substituenten haben die Symmetrie 


8} R. D. Marr und D. F. Hornie, J. Chem. Phys. 17, 1236 (1949). 
9) W. R. Aneus, C. R. Battey, C. K. Ixcoup und C. L. Witson, J. Chem. Soc. 912 (1936); C. R. Bamey, 
C. K. H. G. und C. L. Wuison, Jbid. 222 (1946). 
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D,,. Uhre Schwingungsformen stimmen mit den in Teil III [6] angegebenen 
Schwingungsformen der Para-Derivate des Benzols iiberein. Das Modell mit den 
Atomgewichten mx 16, my = 20 hat die Symmetrie C,,. Wegen des relativ 
kleinen Massenunterschiedes der Substituenten stimmen die Schwingungsformen 
dieses Modells jedoch recht gut mit denen der iibrigen Modelle iiberein. 

Neben der Einteilung in die Rassen der Symmetrie C,, wurde eine Unterteilung 
in die Rassen der Symmetrie D,, vorgenommen. Die Bezeichnungen , bis cy 
beziehen sich auf die in Teil III |6] veréffentlichten Schwingungsformen. Die 
Zuordnung der gemessenen Spektren aufgrund der Rechenergebnisse hat mit 
Vorsicht zu geschehen, da zum Teil gréssere Abweichungen zwischen berechneten 
und gemessenen Wellenzahlen méglich sind. Bei der Rechnung wurde die Kopplung 
zwischen den inneren Schwingungen der Substituenten und den Eigenschwing- 
ungen des C,H,X Y-Modells vernachlissigt. Besonders im Bereich der C——-H- und 
der N—O-Schwingungen sind daher Abweichungen zu erwarten. Ausserdem 
musste wie bei den Mono- und Para-Derivaten des Benzols der Einfluss der 
Substituenten auf die Kraftkonstanten des C,H,-Radikals vernachlissigt werden. 
Schwierigkeiten bereitete auch die Wahl einer geeigneten Kraftkonstanten fiir 
die C—-X- bzw. C--Y-Bindung. Die Spektren scheinen auszusagen, dass der zur 
Rechnung verwendete Wert 8,3 10° dyn/em zu gross war. Dies bedeutet, dass 
die chinoide Grenzstruktur dieser Molekiile zu Gunsten einer vorwiegend benzoiden 
Struktur anscheinend an Bedeutung verliert. 

Die in [4] angegebene Zuordnung einiger Linien in die Rasse A, wurde durch die 
Modellrechnung bestitigt. jedoch sind die berechneten Wellenzahlen in dieser 
tasse teilweise zu hoch. Die C—H-Valenzschwingungen ™, und o,. konnten im 
Raman-Spektrum nicht beobachtet werden, im IR-Spektrum treten sie nur sehr 
schwach auf. Eine CC-Ringschwingung («,) liegt sicher bei 1600 cem~!; eine zweite 
sollte bei niedrigeren Wellenzahlen liegen, vermutlich entspricht sie der Linie 
1505 em~! (vergl.[10]). Schwierigkeiten bereitet die Zuordnung der Linie 1111 
Sie liegt in den Spektren der aromatischen Nitroverbindungen stets an fast der 
gleichen Stelle [3]. Dies und ihre hohe Intensitaét im Raman- und IR-Spektrum 
spricht fiir einen Zusammenhang mit einer Schwingung der NO,-Gruppe. Wie 
beim p-Dichlorbenzol [6] scheinen sich auch hier die Schwingungsformen von 
und zu mischen. Die Linie 1278 em~! kann man der »-C—(NH,)- 
Schwingung zuordnen, da sie auch im Raman-Spektrum von Anilin auftritt 
[3, 11-13]. Die Linie 1178 em~! entspricht der CH-Deformationsschwingung «4, die 
Schwingung ., liegt bei 1000 em~!. Der Pulsation des Benzolrings (@;) entspricht 
die Linie 859 em~!; ihre Intensitét ist im IR-Spektrum nur gering, da sich das 
elektrische Moment nur wenig fndert. Fraglich bleibt die Zuordnung von @op. 
Im IR-Spektrum findet sich nur bei 698 cm~! eine mittelstarke Bande, die ihrer 
Lage nach auf m . passen kénnte. Es ist aber anzunehmen, dass es sich hierbei um 
die ['-Schwingung ,, handelt, die bei Paraderivaten allgemein fusserst lagekon- 
stant bei ca. 695 em~! zu beobachten ist. Hierfiir spricht auch die immerhin 


S. Catirano und R. Moccia, Gazz. chim. ital. 87, 805 (1957). 
| J. C. Evans, Spectrochim. Acta 16, 428 (1960). 
M. Tsusor, Spectrochim. Acta 16, 506 (1960). 
G. Karacounts und 0. Peter, Z. Elektrochem. 68, 1120 (1959). 
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erkennbare C-Bandenkontur im Gasspektrum von p-Nitrotoluol und p-Nitro- 
fluorbenzol. Der Schwingung , entspricht die Linie 358 em~'! mit der niedrigsten 
beobachteten Wellenzahl. Die symmetrische Valenzschwingung des Substituenten 
NO, bei 1334 cm! wird in ihrer Lage vom umgebenden Medium stark beeinflusst. 
In Methanol liegt sie bei 1308 em~'. Dies beruht auf einer Assoziation mit den 
CH,OH-Molekiilen, wodurch auch eine starke Verschiebung der Elektronenab- 
sorptionsbande verursacht wird. Die Vermutung liegt nahe, das Auftreten der 
Linie 1310 em! in Benzol-Lésung auf teilweise Assoziation der p-Nitranilin- 
Molekiile zuriickzufiihren. Nach kryoskopischen Messungen* ist das p-Nitranilin 
in Benzol nur zu weniger als 20°, assoziiert, dieser Prozentsatz geniigt aber, um 
die Intensitit dieser Linie, die etwa 1/5 der Intensitét der Linie 1334 em~ betragt, 
zu erkliren. Dariiberhinaus besteht die Méglichkeit, dass durch die Assoziation die 
Elektronen-absorptionsbande ebenso wie in Methanol verschoben wird und dadurch 
die Intensitat der Linie 1310 cm~! besonders verstairkt wird. Dafiir spricht auch 
die Verstirkung der Bande 1302 em~! durch zwischenmolekulare Wechselwirkung, 
die am festen p-Nitranilin in KBr (siehe Abb. 11 in [4]) gegeniiber den Spektren der 
Lésungen, die in [4] nicht wiedergegeben wurden, beobachtet wird. Eine Bestiti- 
gung dieser Auffassung tiber die Ursache der Aufspaltung der symmetrischen NO,- 
Schwingung 1335-1310 em~! bei p-Nitranilin ist auch einer Arbeit von BonowitscH 
und Prwowarow [14] zu entnehmen. 

Nach Brown [15] sollte man die symmetrische d,, -Schwingung zwischen 600 
und 700 em-! erwarten. Man findet aber lediglich in den Ramanspektren von 
p-Nitrodimethyl- und -diaethylanilin Linien bei 676 em~!. 

Die symmetrische NH,-Valenzschwingung wird in Absorption bei 3400 em~! 
beobachtet, dieentsprechende Deformationsschwingung bei 1620 em~! (vgl.| 10, 11)). 

Die Zuordnungen in der Rasse B, sind nicht ganz eindeutig. Die Ringfrequenzen 
(9 und o,, liegen mit ziemlicher Sicherheit bei 1590 und 633 cm~! wie bei den 
meisten Para-Derivaten. Die anderen Schwingungen dieser Rasse zwischen 1100 
und 1400 em~! sind wahrscheinlich zum Teil durch die intensive symmetrische 
NO,-Valenzschwingung und durch ms verdeckt. Die antisymmetrische NO,-Valenz- 
schwingung liegt auffallend tief bei 1485 cm~!. Sie ist nur in IR-Absorption beo- 
bachtbar und beim p-Nitranilin aufgespalten. Versuchsweise wird die IR-Bande 
bei 535 em~! der NO,-Deformationsschwingung zugeordnet, da in dieser Gegend in 
den IR-Spektren der Nitrobenzolderivate stets eine Bande erscheint. Fiir die 
NH,-Valenz- und Deformationsschwingung findet man IR-Banden bei 3500 und 
1050 em~'!, letztere sehr intensitatsschwach (vergl. [10]). 

Die Linien der Rasse A, sind in IR-Absorption inaktiv, die entsprechenden 
taman-Linien sind intensitaitsschwach und wurden nicht beobachtet. Jedoch 
findet man bei 410 cem~!' im IR-Spektrum eine breite Bande, die der NH,-‘‘Tor- 
sionsschwingung’ zukommen sollte oder deren erstem Oberton {11}. 

In der Rasse B, treten fiir die parasubstituierten Benzole charakteristische 
Banden bei 840 und 698 em-! (vgl. oben) in Absorption auf (C-Banden- 
kontur in den IR-Spektren der Gasphase von p-Nitro-Halogen-Benzolen und 


* Persénliche Mitteilung von Prof. P. P. ScHoryoery, Moskau. 
Ja. 8S. Bonowrrscn und W. M. Prwowarow, Optika i Spektroskopiya 3, 387 (1957). 
J. F. Brown, Jr., J. Am. Chem. Soc. 77, 6341 (1955). 
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p-Nitrotoloul). Als Yxo, Schwingung findet man eine Bande bei 755 em~! mit 
deutlich erkennbarer C-Bandenkontur im IR-Spektrum der gasférmigen Substanz. 
Auch bei anderen parasubstituierten Nitrobenzolen tritt stets diese relativ starke 
sande (mit C-Kontur im Gasspektrum) auf. Nach den Ergebnissen von KiBLer 
[16] ist zu vermuten, dass die Schwingungen bei 698 und 755 em~! stark mitein- 
ander koppeln und daher eine eindeutige Unterscheidung zwischen der l'-Benzol- 
und der yy,-Schwingung nicht méglich ist. Es ist unsicher, ob m,, mit den IR- 
Banden bei 535 oder 490 em~! verkniift werden soll. Der Vergleich mit den IR- 
Spektren anderer p-Benzolderivate spricht fiir die Bande bei 490cm~-'. Die 


héchste y-Frequenz bei 950 em~! ist wie immer sehr schwach. Die y,,, -Bande 


tritt im IR-Spektrum (bei grosser Schichtdicke bzw. Konzentration) bei 810 em=! 
auf, erkenntlich an ihrer ausserordentlichen Breite (vgl. 10, 11)). 

Besondere Schwierigkeiten bereitet die Zuordnung der Raman-Linie bei 1700 
(siehe [4]). Eine entsprechende Absorptionsbande fehlt. Folgende Kombina- 
tionen sind als Erklirung méglich: 960 755 (A,) und 2 859 em! (A,). Die 
Linie bzw. Bande bei 1445 cm! kann man ebenfalls als Kombination deuten: 
O60 491 em~' (A,). Entsprechend findet man fiir Linien bzw. Banden bei 1220 
und 1381 em~!; 859 + 358 em! (A,) und 2 » 698 em~! (A,). Dabei bleibt offen, 
wie die ausserordentlich hohe Intensitat dieser Kombinations- bzw. Oberschwing- 
ungen im Resonanz-Raman-Effekt zu erkliren ist. 

Das Spektrum von p-Nitrodimethylanilin unterscheidet sich in den Wellen- 
zahlen nur wenig von dem des p-Nitranilins. Die symmetrische NO,-Schwingung 
ist auch in Benzol-Lésung nur noch einfach und liegt bei 1318 em-!. 

Beim p-Nitrodiaethylanilin treten eine ganze Anzahl weiterer Linien bzw. 
IR-Banden auf, die zum gréssten Teil der N(C,H;)o-Gruppierung zugeordnet 
werden kénnen. Im iibrigen sind auch hier die Wellenzahlen im Vergleich zum 
p-Nitranilin kaum verschoben. 

Die hier angegebene Zuordnung ist weitgehend im Einklang mit Isotopie- 
effekten, die IR-Spektrum von N-substituiertem p-Nitrodimethyl- 
anilin gefunden hat und tiber die LO TTKe und Ki's_er an anderer Stelle berichten 
werden. 

Abschliessend sei darauf hingewiesen, dass sich erneut gezeigt hat, dass durch 
den Resonanz-Raman-Effekt nur die Linien totalsymmetrischer Schwingungen 
(hier der Rasse A,) besonders verstiirkt werden (siehe [17]). Die iiber die spezielle 
Problemstellung hinausreichende allgemeinere Bedeutung dieser Arbeit kann 
darin gesehen werden, dass in ihr unseres Wissens zum erstenmal der Resonanz- 
Raman-Effekt unter Zuhilfenahme von Modellrechnungen eine Zuordnung ermég- 
licht, die aus der alleinigen Kenntnis der I[R-Spektren wohl nur sehr schwer oder 
vielleicht tiberhaupt nicht gewonnen werden kann. 

Anerkennungen— Herrn Prof. Dr. R. Mecke danken wir fiir die Diskussion dieser Arbeit. Der 


Deutschen Forschungsgemeinschaft wird fiir die finanzielle Hilfe gedankt, durch die diese 
Arbeit ermdéglicht wurde. 


| 16) R. Kt sier, Diplomarbeit, Freiburg (1958). 
|17) J. Benrencer und J. BRANDMULLER, Ann. Physik (VI11) 4, 234 (1959). 
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Abstract —The cations, which are present in the salts of thiourea and thioacetamide, respectively, 
with strong acids are sulphonium ions formed by addition of the proton to the sulphur atom. 
The normal vibrations of these ions as well as those of their free ° bases’ are assigned. The 


spectral changes on salt formation are chiefly due to changes in z-electronic structure. 


Einleitung 
Awatoc dem Harnstoff, dessen Nitrat eine jedem Chemiker geliufige Verbindung 
ist. bildet auch der Thioharnstoff mit Siiuren Salze, in denen das Kation CH,SN, 

vorliegt. das aus dem Thioharnstoff durch Anlagerung eines Protons entstanden ist. 
Vor der Entdeckung der Oxonium- [1] und Sulfoniumsalze [2] galt es fiir selbstver- 
stiindlich. dass der Stickstoff Traiger der basischen Eigenschaften ist, man hielt also 
die Ammonium-Struktur (1) fiir richtig. Werner [3] schlug jedoch 1902 auf Grund 
des Verhaltens von Harnstoff in Metall-Komplexen fiir das Harnstoff-Kation die 


NH, cH 
| | x—C (il) X=0,8 
NH, | NH, | 


Oxonium-Struktur (11) vor. Analog aufgebaut sollte demgemiiss auch das Thioharn- 
stoff-Kation sein. Im Sinne der Elektronentheorie ungesiittigter Verbindungen 


ist die Oxoniumform bzw. Sulfoniumform (II) ‘“‘mesomerie-stabilisiert’”—die positive 
Ladung verteilt sich auf das C—., das O (S)— und die beiden N-Atome, entsprechend 
haben alle Bindungen einen gewissen Doppelbindungscharakter [4] und sind damit 
energieirmer als die Ammoniumform (I) (vgl. [4]). Auf Grund von qualitativen 
theoretischen Erwigungen sollte man also der Formel (11) den Vorzug geben. Eine 
eindeutige Aussage. welche Struktur vorliegt, erlaubt aber erst die Molekiilspektro- 
skopie. 

Nun schlossen Davres und Horkrys [5] aus dem IR-Spektrum des Harnstoff- 
Nitrats. dass dem Harnstoff-Kation die Ammonium-Struktur (1) zukomme. Wir 
kamen allerdings auf Grund von Untersuchungen an den Salzen des Harnstoffs mit 


J. N. Covi und T. Tickier, J. Chem. Soc. 75, 710 (1899). 

G. Carrara. Ber. deut. chem. Ges. 25, 641 (1892) 

\. Werner, Ann. Chem. Liebigs. 322, 296 (1902) 

W. und R. Mecxke, Rev. Universelle Mines 15, $56 (1059). 
M. Davies und L. Horkrys, Trans. Faraday. Soc 53, 1563 (1957). 
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einer Reihe verschiedener Anionen zu dem Schluss, dass die Oxonium-Form (I1)- 
richtig ist [4]. Bei der Gelegenheit deuteten wir auch an [4], dass nach unseren 
Untersuchungen auch dem Thioharnstoff-Kation die Struktur (Il) zukommt. 

Kurz darauf erschien jedoch in dieser Zeitschrift [6] eine Arbeit von Spinner, in 
der dieser auf Grund von IR-Messungen an den Hydrochloriden des Harnstoffes, 
Thioharnstoffes und Acetamids den Kationen aller drei Verbindungen eine Ammon- 
iumform (entspr. I) zuschreibt. Das Hydrochlorid des Thioharnstoffes konnte 
SPINNER [6] nicht erhalten, obwohl es beschrieben [7] und im BErLsTern [8] erwihnt 
ist. Daraus schloss er auf ein Fehlen der basischen Eigenschaften des Thioacetamids. 

Um zu beweisen, dass indessen die Oxonium- bzw. Sulfonium-Formulierungen 
(entspr. IL) richtig sind, haben wir zum Vergleich mit den Spektren dieser Kationen 
auch Metallkomplexe des Thioharnstoffes und des Thioacetamids sowie das S-Methy!- 
Thiouronium-lon herangezogen. 


Das Thioharnstoffkation (Thiouronium-Ion )* 
H NH, } 


Die IR-Spektren einiger Thioharnstoffsalze bringt Abb. 1, ihre Frequenzen, und 
zwar die des Chlorids, des Nitrats, des Perchlorats und des Hexachlorostannat 
sind in Tabelle 1 zusammen mit denen des Thioharnstoffes sowie Mittelwerten 
verschiedener Thioharnstoff-Metallkomplexe angegeben [9, 10}. 

sei Betrachtung der Spektren fallt zunichst die scharfe und verhiltnismiassig 
intensive Bande bei 2500 cm~! auf, die ihrer Frequenzlage nach kaum etwas anderes 
als eine SH-Valenzschwingung sein kann. (vgl. Dithioessigsiure {11} 2481 em~'). 
Einzig beim Chlorid (und Sprxner [6] beschriinkte seine Arbeit auf Chloride) ist die 
Bande etwas breiter, offenbar infolge von Wasserstoff briicken-Bindungen. Fiir diese 
Deutung spricht auch, dass das Spektrum des Thioharnstoffhydrochlorids noch 
andere Merkmale aufweist, die fiir Wasserstoffbriicken charakteristisch sind: Die 
NH-Valenzschwingungsbanden sind breit und bei niedrigeren Frequenzen als in den 
iibrigen Salzen, waihrend die nichtebene NH,-Deformationsschwingung (yNH,) bei 
einer deutlich héheren Frequenz liegt (ca. 690 em~! vgl. mit ca. 550 em-! beim 
Hexachlorostannat). Zugleich mit der Verbreiterung der ySH-Bande beim Hydro- 
chlorid hat sich auch ihr Schwerpunkt nach einer niedrigeren Frequenz verschoben. 
Beeinflussungen von vSH-Frequenzen durch Wasserstoffbriicken sind in jiingster 
Zeit mehrfach beschrieben worden {12-15}. 

* Der zweite Name ist weniger fiir den Grundkoérper als fiir seine S-alkylierten Abkémmlinge in 
Gebrauch. 


6) E. Spinner, Spe ctrochim. Acta 15, 95 (1959) 
[7] J. JOncensen, J. prakt. Chem. (2) 66, 44 (1902). 
Beilstein’s Handbuch der Organischen Chemie Bd, 2, 8. 210. Springer, Vienna (1918). 
| W. Kurzecnice, Diplomarbeit, Freiburg i. Br. (1958). 
|} A. Yamacucnui, R. B. PENLAND, S. Mizusuima, T. J. Lane, C. Curran und J. V. QuAGLIANO 
J. Am. Chem. Soc 80, 527 (1958). 
| R. Mecxe und H, Spreseckxe, Chem. Ber. 89, 1110 (1956). 
4. Menerrer, D. ALrorp und C. B. Scort, J. Chem. Phys. 25, 370 (1956) 
31 G. ALLEN und R. O. Cocitovesr, J. Chem. Soc. 3912 (1957). 
M.-L. Josten, C. Castine und P. SaumaeGne, Bull. Soc. chim. France 648 (1957). 


531 


| s—C | 
NH, 
V L 
196] 
[15] M. O. BuLanrn, G. 8. DENtSOV und R, A. Puskina, Optika i Spektroskopiya 6, 754 (1959) (russisch). ; 
|| 


Die NH,-Valenzschwingungen finden sich, jedenfalls im Hexachlorostannat und 


im Perchlorat, bei nahezu den gleichen Frequenzen wie im Thioharnstoff und auch 
das Gesamtbild der Absorption im 3a-Gebiet ist dem beim Thioharnstoff Ausserst 


Abb. 1. Die IR Sp ktren des Thioharnestoffs, des Thioharnstoff-Kations und des S-M« thyl 
thiouronium-Kations (*bedeutet Absorption des Einbettungsmittels Nujol; auf dem 
zweiten Spektrum von oben wurde ein Nujolspektrum mitregistriert). 


ihnlich (Abb. 2). Nur die beiden héchstfrequenten Banden entsprechen jeweils 
Grundschwingungen, die anderen sind als Ober- und Kombinationsténe zu deuten 
(vgl. [16, 17]}). Es fehlt jegliches Anzeichen fiir das Vorhandensein einer R—-NH,*- 
Gruppe, deren Existenz von Spinner angenommen wurde (vgl. dazu [17-19]). Es sei 


| W. Kurzecyies und R. Mecke, Spectrochim. Acta 16, 1216, 1225 (1960). 
W. Kutzecniec, Dissertation, Freiburg i. Br. (1960). 
W. und R. Mecke, Vortrag Bunsentagung Bonn (1960). 
K. Nakantsar, T. Goro und M. Onasni, Bull. Chem. Soc. Japan 30, 403 (1957) 
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allerdings zugegeben, dass das Thioharnstoff-hydrochlorid-Spektrum ahnlich wie 
das eines Alkvlammoniumcehlorids aussieht [17-19]. Bei diesen beobachtet man auch 
breite Banden bei ca. 2500 ecm-'. Man kann aber fiir die Sulfonium-Struktur des 
Thioharnstoffkations noch weitere Beweise bringen. 

Besiisse das Kation tatsiichlich die von Srrxner [6] vorgeschlagene Struktur 
(1), so wire der Valenzausgleich nicht mehr im gleichen Masse méglich wie beim 


oste 


Abb. 2. Die Absorption des Harnstoffs und des Thioharnstoffs 
im 3u-Gebiet (LiF-Prisma). 


Thioharnstoff, vielmehr miisste die Elektronenstruktur jetzt ungefiihr der des 
Thioacetamids entsprechen, weil eine NH,*-Gruppe sich ebensowenig wie eine 


CH,-Gruppe an der Mesomerie beteiligen kann. Die Geriistschwingungen des Thio- 
harnstoff-Kations miissten nach dem Prinzip des isoelektronischen Austausches 
nahezu gleich denen des Thioacetamids sein [17]. Die Anlagerung eines Protons an 
das Schwefelatom des Thioharnstoffes miisste sich dagegen auf die 2-Elektronen- 
Verteilung ahnlich auswirken wie die Komplexbildung des Thioharnstoffes iiber den 
Schwefel an ein Metallatom. Yamacucnt ef al. [10] haben die Spektren einiget 
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Thioharnstoff-Metall-Komplexe aufgenommen und gezeigt, dass in ihnen Me-—S- 
Bindung vorliegt, wir kamen auf Grund anderer Komplexe zum gleichen Ergebnis [9]. 

In Tabelle 3 sind die Geriistschwingungsfrequenzen des Thioharnstoffes,* der 
Thioharnstoff-Metallkomplexe (Mittelwerte), des Thioharnstoff-Kations und des 
Thioacetamids zusammengestellt. Die Cbereinstimmung zwischen Thioharnstoff- 
Komplexen und Thioharnstoff-Kation ist auffallend. 

Im Thioharnstoff-Kation (vgl. Tabelle 1) findet man die Absorptionen, die von 
der NH,-Gruppe herriihren, sehr leicht, da ahnlich gebaute Verbindungen wie 
Harnstoff [9, 17, 20, 21] Thioharnstoff [9, 10] und Acetamidinium-lon |16] bereits 
zugeordnet sind. Die Geriistschwingungen sind im Vergleich zum Thioharnstoff 


nur wenig verindert. Die beiden héchstfrequenten Geriistschwingungen sind im 
Thioharnstoff-Kation (iihnlich wie in den Thioharnstoff-Komplexen) nach héheren 
Frequenzen verschoben (Thioharnstoff-krist. 1473, 1416, Thioharnstoff-Kation 1547, 
1443 em~'). Diese Frequenzerhéhung beruht wahrscheinlich darauf, dass im 
Thioharnstoff-Kation, verglichen mit dem Thioharnstoff die CS-Bindung mehr 
Kinfachbindungs- und die CN-Bindungen mehr Doppelbindungscharakter haben. 
Noch wesentlich héher liegen die entsprechenden Frequenzen im Acetamidinium-lon, 
in dem die CN-Bindungen beide Eineinhalbfach-Bindungen sind. Eine Mittelstellung 
zwischen dem Thioharnstoff-Kation und dem Acetamidinium-lon nehmen in dieser 
Hinsicht die Halogen-Formamidinium-Salze ein [22]. Die Absorptionen der Anionen 
in den Salzen des Thioharnstoffes sind bekannt |24], wobei das Hexachlorostannat 
zwischen | und 25 4 tiberhaupt nicht absorbiert [16, 18]. Die héchstfrequente 
Bande des Nitrats (, bei 1389-1382 cm~') ist aufgespalten, offenbar handelt es sich 


um eine Site-Gruppenaufspaltung infolge Symmetrieerniedrigung, deshalb ist auch 


die sonst IR-inaktive Pulsationsschwingung (1050 em~') hier zu beobachten. 

Die Banden, die beim Thioharnstoff-Kation jetzt noch verbleiben, kommen 
offenbar der SH-Gruppierung zu, ausser der ySH-Bande bei 2500 em~! (die im Perch- 
lorat und Nitrat bei einer deutlich héheren Frequenz liegt als im Hexachlorostannat) 
handelt es sich um eine Bande bei 975 em~', die ihrer Frequenzlage nach gut auf 
OSH passt [11, 25]. wihrend ySH nicht sicher zu erkennen ist. 


Das S-Methyl-Thiouronium-Ion 
H.C NH, 


S—C 


NH, | 


sich vom Thioharnstoff-Kation dadurch, dass der 


unterscheidet 


lon 


Dieses 


* Die Vergleichsfrequenzen des Thioharnstoffes sollte man eigentlich aus Aufnahmen von Lésungen in 
unpolaren Lésungsmitteln nehmen, da die zwischenmolekularen Wechselwirkungen im Kristall zu 
eigentiimlichen Frequenzverschiebungen und -aufspaltungen Anlass geben [20, 23] Wegen der geringen 
Léslichkeit des Thioharnstoffes in unpolaren. Lésungsmittein bereitet das jedoch Schwierigkeiten. Wir 
konnten in einer Lésung in Tetrachlorathan nur die Frequenzen 1590 (ONH,), 1506 (@) und 1393 em~! 
(mw) erkennen., 

20) W. Kurzecniesc, R. Mecke, B. Scuraper et al. In Vorbereitung. 

(21) A. Yamaeuent, T. T. und 8. Mizusnima, Spectrochim. Acta 10, 170 (1957). 
22) M. Kuan, Dissertation, Freiburg (1960). 

23) B. Scuraper et al. In Vorbereitung. 

24) F. A. und C. H. Analyt. Chem. 24, 1253 (1952). 

(25| N. Sueprarp, J. Chem. Phys. 17, 79 (1949). 
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Wasserstoff am Schwefel durch eine CH,-Gruppe ersetzt ist. Fiir das Infrarot- 
Spektrum wird man erwarten, dass die NH,-Frequenzen etwa die gleichen wie beim 
Thioharnstoff-Kation sein werden, die Geriistfrequenzen in erster Naiherung eben- 
falls, da die Elektronenstruktur sich nur wenig dindern wird, dass sie héchstens 
etwas gestért sind durch Kopplung mit der S—C-Schwingung. Schliesslich sollen 
die SH-Banden fehlen und dafiir die bekannten Schwingungen der Methylgruppe 
auftreten. Aus einer Reihe von S-Alkylverbindungen ermittelten MENEFEE ef al. [26] 
die charakteristischen Frequenzen einer —-S—CH,-Gruppe bei den Werten: 1418 
(6,CH,), 1307 (6,CH,), 950 (pCH,), 695 (@C—S). 

Die IR-Frequenzen des S-Methylthiouronium-lons sind auch in Tabelle 1 
aufgenommen (vgl. auch Abb. 1). Die Erwartungen werden durch das Experiment 
so gut bestitigt, dass die Zuordnung sich eindeutig ergibt. 


Thioacetamid 
S 

HC 
NH, 

Grundlage fiir die Zuordnung des Thioacetamid-Kations ist die des Thioacetamid 
selbst. Spinner [6] versuchte, einige Banden zuzuordnen, gab aber keine voll- 
stindige Analyse des Spektrums. Eine gewisse Schwierigkeit bei der Deutung des 
Thioacetamid-Spektrums (Abb. 3, Tabelle 2) besteht darin, dass die beiden héchst- 
frequenten Schwingungen des Molekiilgeriistes in den Bereich fallen (1300 bis 
1500 em~'), in dem auch die CH,-Deformationsschwingungen absorbieren. Die von 
uns friiher [11] versuchsweise angegebene Zuordnung miissen wir jetzt in Bezug 
auf diese Schwingungen daher korrigieren. Die Banden, die im kristallisierten 
Thioacetamid bei 1393 und 1364 em~! liegen, finden sich in Lésung, ferner im 
Thioacetamid-CuCl-Komplex und im Thioacetamid-Kation bei nur unwesentlich 
verinderten Frequenzen, wihrend die Bande bei 1482 des Kristallssich beim Ubergang 
zum Komplex bzw. zum Kation stark nach héheren Frequenzen verschiebt. Letztere 
muss also als Geriistschwingungsfrequenz aufgefasst werden, wihrend die Frequenzen 
1393 und 1364 von der antisymmetrischen und symmetrischen CH,-Deformation 
herriihren. Diese Werte stimmen gut mit dem iiberein, was man bei verwandten 
Verbindungen fiir 6CH, findet [25]. 1307 em~! wire als 6CH, deutlich zu niedrig [ 16}, 
riihrt also offenbar von einer Geriistschwingung her. 


Diese Argumentation steht nur scheinbar im Widerspruch zu dem was zu den CH,-Deforma- 
tionsschwingungen der S—-CH,-Gruppe gesagt wurde. Der Wert von 1307 em™! bezieht sich 
dort allerdings auf eine S—CH,-Gruppe, wahrend hier eine C—-CH,-Gruppe vorliegt, fiir die 
eine OCH,-Frequenz bei 1307 cm™!- aussergewiihnlich niedrig ware [16, 25]. Eine Stiitze unserer 
Auffassung, dass die Bande bei 1307 em~ hier einer Geriistschwingung zukommt, erblicken wir 


H 

darin, dass Davies und Jones [27] im Thioformamid S==C bei 1288 ecm™! eine Bande 
NH, 

beobachten, die ja in diesem Fall nicht von einer CH,-Schwingung herriihren kann und die die 


|26| A. Menerer, D. O. ALrorp und C. D. Scort, J. Org. Chem. 22, 792 (1957). 
(27) M. Davies und W. J. Jones, J. Chem. Soc. 955 (1958). 
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Tabelle 2. Die Normalschwingungen des Thioacetamids eines Thioacetamid-Komplexes und des 


Thioacetamid-Kations (Wegen der verhaltnismiissig niedrigen Symmetrie, die naherungsweise 


angenommen werden kann, ist es nicht sehr Ubersichtlich, die Frequenzen nach Sym- 


als ¢ 
1” nur 6 bzw. 7 von insgesamt 21 bzw. 


metrierassen geordnet aufzufuhren, zumal in die Rasse . 
24 Frequenzen fallen wiirden. Wir bevorzugen deshalb 
Wasserst offschwingungen, von denen man hier annehmen kann, dass sie nur wenig miteinander 


die Anordnung nach Geriist- und 


koppeln) 


Thioacetamid 
Thioacetamid- 


Thioacetamid- 
Hexachlorostannat 


25 sar ‘ 
Ra wssr. CuCl-Komplex 


Lg. NH,\ [H 


(Cierust 1482 (8 1472 (1) 1440 (4)?? 1515 (6b) 1585 (Sb)? 
1548 (6) 
1307 (f 1313 (1) 1314 (8) 1318 (10) 1312 (10) 
719 714 (10) 690 (8) 676 (7) 
5140 522 (lb) 506 (5 510 (7) 
476 (6) 454 (1) 481 (5 433 (7) 
461 (4) 


2940 (3) 2065 (5) 2965 (2 


2970 (0) 2940 (sh) 2916 (2) 
1393 (9) 1414 (1)?? 1377 (8)? 1409 (6) 1416 (4) 
1364 ({ 1374 (3) 1366 (9) 1376 (8) 1372 (9) 
1030 (5)% 1025 (3)? 1035 (4)? 1027 (3)? 
975 971 (6) G90 (8) 


3200 3500 (8) 3195 (10) B285 (10) 

3085 S380 (8) 3060 (10) 3140 (10) 
1658 1610 (10) 1669 (8) 1669 (8) 
1656 

L030 (5)% 1025 (3)? 1035 (4)? 1027 (3)? 
710 (8) 769 (4) 800 (Sb) 


735 (8) 


2520 (7) 
2487 (sh) 
Y48 (5) 


genannten Autoren daher als Geriistschwingung zuordnen, wiihrend sie eine dhnlich intensive 
Absorption bei 1324 cm™~! der einzigen zu erwartenden 6CH-Schwingung zuschreiben 

Wiirde es sich bei der Frequenz 1307 cm~! um eine OCH,-Schwingung handeln, so, miisste 
man die Bande bei 975 em™! als Geriistschwingung zuordnen, wie das neuerdings BELLAMY und 
Rocascu [28] vorschlug. Es sei allerdings betont, dass unsere folgende Argumentation 
betreffend Salz- und Komplexbildung unabhiingig davon ist, ob die zweite Geriistschwingung des 


Thioacetamids bei 1307 oder bei 975 em™' liegt. 
28) L. J. Becitamy und P. Z. Rocascu, J. Chem. Soc. 2218 (1960). 
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Die weiteren Schwingungen der CH,-Gruppe ergeben sich durch Vergleich mit 
verwandten Verbindungen [16] (Tabelle 2), worauf nicht niher eingegangen zu 
werden braucht. Ahnliches gilt fiir die Schwingungen der NH,-Gruppe [16, 17, 21]. 
Problematisch ist nur die Zuordnung der NH,-rocking-Schwingung, sie ist erfah- 
rungsgemiss [9] sehr lagekonstant bei etwa 1100 em~!, schwankt aber von Verbin- 
dung zu Verbindung stark in ihrer Intensitit. Entweder ist sie hier so schwach. dass 
man sie nicht findet, oder sie fillt mit einer der beiden CH,-Banden bei 1030 oder 
975 cm~! zusammen. 

Auffallig ist die Frequenzverschiebung der 5NH,-Bande beim Ubergang vom 
nahezu freien Molekiil (Lsg. ONH, 1610 em-!) zum Kristal! (ONH, 1656 em~!). 
Kine ganz analoge Verschiebung beobachteten wir auch beim Thioharnstoff (s.o.), 
sie beruht auf der Wasserstoffbriickenbindung im Kristal], die auch fiir die Erniedri- 


gung der NH,-Valenzschwingungen verantwortlich ist. 

Als Valenzschwingungen des Molekiilgeriists haben wir die Banden bei 1482 und 
1307 cm~! erkannt, hinzu kommt noch die Pulsationsschwingung. die wie iiblich 
[16, 21] bei der Frequenz der intensivsten Raman-Linie, d.h. hier bei 719 em~! liegt. 


Bei der Zuordnung der Deformationsschwingungen des Molekiilgeriistes bedienten 


wir uns des Vergleichs mit dem Thioharnstoff (Tabelle 3). Man soll ja erwarten 
[9, 16], dass die ebenen Deformationsschwingungen bei etwa den gleichen Frequenzen 


absorbieren, die ['-Bande jedoch, da der Valenzausgleich im Thioacetamid geringer 


ist als im Thioharnstoff, im ersteren bei einer niedrigeren Frequenz. 
Die hohe Lage der Geriistfrequenzen bei 1482 und 1307 cm~! im Thioacetamid- 


17 


Kristall wiire schwer verstindlich, wollte man annehmen. dass im Thioacetamid 


so wie man seine Forme! iiblicherweise schreibt—eine CS-Doppelbindung und eine 


CN-Einfachbindung vorliegen wiirde, denn beide sollten bei etwa 1100 em~! absor- 

bieren [29], wobei es natiirlich durch Kopplung zwei auseinandergeriickte Frequenzen 

giibe. Die hohe Frequenzlage bedeutet, dass die CN-Bindung einen stirkeren 
NH, 

Doppelbindungscharakter hat, dass also die Struktur H,C—C ein grosses 


Gewicht hat. Diese ‘“‘zwitterionische” Struktur ist besonders zur Ausbildung von 
Wasserstoffbriicken befiihigt. (vgl. [20]). Die niedrigere w-Frequenz in Lésung 
(1440 cm~ in C,H,Cl,, vgl. mit 1482 im Kristall) kann man so deuten, dass in 
Lésung die unpolare Grenzstruktur ein grésseres Gewicht als im Kristal! hat. 
Davies und Jones [27] fanden beim Thioformamid HCSNH, als Valenzschwing- 
ungen des Molekiilgeriistes SCN 1443 und 1288 em~, dh. aihnlich hohe Werte, wie 
wir sie beim Thioacetamid beobachteten. Grundlage unserer Zuordnung ist die 


Vorstellung einer weitgehenden Delokalisation der 7-Elektronen, diese scheint uns 
durch die Spektren und ihre Veriinderung in den verschiedenen Aggregatzustiinden, 
bei Salz- und Komplexbildung, sowie durch die Analogie zum Thioharnstoff gefordert 
30 }|—unseres 


zu werden und steht—trotz der gegenteiligen Auffassung von TRUTER 
Erachtens in Einklang mit den Bindungslingen (vgl. dazu die Zusammenstellung 
Interatomic Distances {31]). Danach findet man i. a. folgende Abstiinde: C—S 


[29] R. Mecxe, R. Mecke, Jr. und A, Lirrrincuaus, Chem. Ber. 90, 975 (1957). 
{30) R. M. Trurer, J. Chem. Soc. 997 (1960). 
{31) L. E. Surron (Editor), Interatomic Distances. The Chemical Society, London (1958). 
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1,82 A, C=S 1,56 A, C—N 1.47A. C=N 1,27 4. Die Abstinde im Thioacetamid. 
ihnlich wie im Thioharnstoff liegen zwischen denen fiir Einfach- und Doppelbin- 
dungen: CS 1,71 A, CN 1,32 A [30]. Eine endgiiltige Entscheidung der Fragen, die 
mit der Elektronen-Struktur der Thioamide zusammenhingen, wird erst nach einer 
diesbeziiglichen quantenchemischen Untersuchung méglich sein. Auch scheinen 
uns die charakteristischen Schwingungen der Thioamid-Gruppierung noch immer 
problematisch (vgl. [27-29]). Diese Verbindungsklasse bedarf noch einer eingehenden 
Untersuchung. Eine Normalkoordinaten-Analyse des Thioacetamids kénnte viel- 
leicht einen Teil der auftretenden Fragen beantworten. 


Der Thioacetamid-Kupferchlorid-Komplex (Tetra-Thioacetamido- 
Kupfer (I)-chlorid) 


CH, 
NH,/, 


Thioacetamid bildet mit CuCl und AgC! schwerlésliche Komplexe der Zusam- 
mensetzung Me (C,H;NS), Cl, Me = Cu, Ag. Die Kristallstruktur dieser isomorphen 
Komplexe wurde von Cox ef al. [32] aufgekliirt. Das Metallatom ist tetraedrisch 
mit 4 Thioacetamid-Molekiilen koordiniert, die iiber die Schwefelatome an das 
Metall gebunden sind. Das Chlor befindet sich ionogen ausserhalb des Komplexes. 

Es ist nicht schwer, die Schwingungsfreqeunzen in Analogie zu denen des 
gewohnlichen Thioacetamids (Tabelle 2) zuzuordnen. Die beiden Geriistfrequenzen, 
die sich im Thioacetamid-Kristall bei 1482 und 1307 cm! fanden, beobachten wir 
hier bei 1515 und 1318 em~!. Diese Frequenzerhéhung bedeutet im Sinne der oben 
skizzierten Uberlegungen, dass der Doppelbindungscharakter der CN-Bindung auf 
Kosten desjenigen der CS-Bindung zunimmt. Ahnliche Verschiebungen traten bei 
den Thioharnstoff-Komplexen auf [10], in denen der Thioharnstoff iiber den Schwefe! 
an das Metall koordiniert ist. Das Spektrum spricht—in Ubereinstimmung mit der 
Kristall-Strukturanalyse—fiir eine Me—S-Bindung im Komplex. 

Die niedrige Frequenzlage und Breite der yNH,-Banden (3195 und 3060 em-~') 
verbunden mit der hohen dNH,-Frequenz (1669 em~') kann hier nur auf starke 
Wasserstoff-Briicken schliessen lassen, und zwar stirkere als im kristallisierten 
Thioacetamid (yNH, 3290 und 3085, 6NH, 1658). Da die S-Atome wegen der 
Koordination an das Metall fiir H-Briicken nicht zur Verfiigung stehen und da eine 
N—H - -- N-Briicke mangels eines freien Elektronenpaars am Stickstoff (es wird als 
a-Elektronenpaar fiir die Mesomerie des Molekiils zur Verfiigung gestellt) auch 
nicht gut méglich ist, kommt nur eine Wasserstoffbriicke N—-H --- Cl, d.-h. zum 
Anion infrage. Der N - - - Cl-Abstand liegt mit 3,40 A [32] in einem Bereich, den man 
auch in anderen Fillen von NH - - - Cl--Wasserstoffbriicken beobachtet hat (NH,C!I 
3,34 A [33], CH,NH,Cl 3,18 A [34)). 


E. G. Cox, W. Warptaw und H. J. Chem. Soc. 775 (1936 
{33} V. Cacuiorr und C. Fur.ant, Atti. acead. naz. Lincei (8) 24, 633 (1958 
[34] E. W. Hvenes und W. N. Lipscoms, J. Am. Chem. Soc. 68, 1170 (1946 
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Das Thioacetamid-Kation 
CH, | 
NH, 


Salze des Thioacetamid-Kations lassen sich, jedenfalls in wissriger Lésung, 
nur sehr schwer darstellen: das liegt aber weniger, wie SPINNER [6] vermutet, an 
der zu geringen Basizitit als an der grossen Hydrolyseempfindlichkeit des Thio- 
acetamids. Versetzt man eine konzentrierte wiissrige Lésung von Thioacetamid 
mit Perchlorsiure, so fallt spontan Ammoniumperchlorat aus, ahnlich leicht bilden 
sich aus Lisungen von Acetamid und Schwermetallsalzen die entsprechenden 
Metallsultide 

Das einzige Thioacetamidsalz, das wir darstellen konnten, war das Hexachloro- 
stannat. Sein [IR-Spektrum (Abb. 3) weicht in einigen Punkten von dem ab, was 
wir sonst bei den Hexachlorostannaten organischer Basen beobachteten [16-18], 
aber das Ergebnis der Elementaranalyse, sowie die Hauptziige des IR-Spektrums 
lassen kaum einen Zweifel zu, dass es sich um ein Salz der Zusammensetzung 
(C,H,NS), SnCl, handelt und dass das Kation aus dem Thioacetamid durch Anla- 
gerung eines Protons an das Schwefelatom gebildet wurde. 

Wir finden wieder bei 2500 em~! eine intensive SH-Bande und beobachten die 
Absorptionsfrequenzen des Thioacetamids bei dhnlichen Werten wie im CuCl- 
Komplex, von dem wir wissen, dass eine Cu—S-Koordination vorliegt (Tabelle 2). 
Die héchste Geriistfrequenz (1548 em~') liegt noch etwas héher als im Komplex 
(1515 em~', vel. mit 1482 em~! beim gewéhnlichen Thioacetamid) was bedeutet, 
dass der Doppelbindungscharakter der CN-Schwingung noch deutlicher ausgeprigt 
ist oder aber dass die Bildung des lons eine allgemeine Bindungsverfestigung bewirkt. 

Folgende drei Eigentiimlichkeiten des Spektrums sind hervorzuheben: 

(1) Die NH,-Valenzschwingungsbanden sind breit und liegen bei verhiltnis- 
missig niedrigen Frequenzen, was man nur im Falle von Wasserstoffbriickenbin- 
dungen beobachtet. Das ist bisher der einzige Fall, wo wir in Salzen mit komplexen 
Anionen derartige Wasserstoffbriicken beobachteten. 

(2) Die »ySH-Bande tritt doppelt auf, neben der scharfen Bande bei 2520 cm~! 
erkennt man eine verhiltnismissig breite Schulter bei 2487 cm~'. Man kénnte an 
eine Aufspaltung durch intermolekulare Wechselwirkungen denken, was in Einklang 
mit der Vorstellung von H-Briicken wire 

(3) Bei 1585 em~'! findet sich eine sehr breite Absorptionsbande, die ihrer Fre- 


quenz nach fiir eine Geriistschwingung zu hoch lige, zumal ja die héchste Geriist- 


schwingung schon bei 1548 em~! zugeordnet wurde. Bei einer Frequenz in der 
Gegend 1585 em~! kann man aber nur Geriistschwingungen oder NH,-Deformations- 
schwingungen suchen. Das Auftreten der breiten Bande, deren hohe Intensitit 
dagegen spricht, dass sie von einer geringfiigigen Verunreinigung herriihrte, liesse 
sich wieder am ehesten verstindlich machen, wenn man intermolekulare Assoziation 
annimmt. 

Eine Assoziation zum komplexen Anion ist unwahrscheinlich, weil sie sterisch 
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nicht leicht méglich ist, und wir sie auch an anderen Salzen nie beobachten. Man 
kann iiber die etwaige Assoziation nur Vermutungen anstellen, am plausibelsten ist 
noch die Méglichkeit einer N—H - - - S-Briicke. 

Eine theoretische Untersuchung zur Salzbildung am Thioharnstoff und Thio- 
acetamid ist beabsichtigt. 


Experimentelles 

Thioharnstoff “rein” kristallisierten wir aus Athanol um (Fp. 180°C). Thio- 
harnstoff-Hydrochlorid stellten wir nach der Vorschrift von Drxon [35] durch 
Einleiten von HC! in die erwirmte Liésung von 10g Thioharnstoff in 9¢ konz. 
HCl und Absaugen der gebildeten Kristalle in der Kilte dar. 

Thioharnstoff-Hexachlorostannat fallt in farblosen Kristaillchen aus, wenn man 
eine Lisung von Thioharnstoff in konz. HCl mit etwa der aquivalenten Menge 
SnCl, (unter Riihren und Kiihlen) versetzt. Durch Lésen in konz. Salzsiure und 
langsames Abdunsten des Wassers iiber CaCl, kann man grosse Kristalle erhalten. 

Thioharnstoff-Nitrat stellten wir [35] aus aquivalenten Mengen Thioharnstoff 
und konzentrierter Salpetersiure unter Kiihlen auf 0°C her. Thioharnstoff-Perchlorat 
erhielten wir in der analogen Weise wie das Nitrat. 

Von Thioacetamid verwendeten wir ein Priparat “reinst’’ (Riedel de Haén) 
(Fp. 108°C). Der Thioacetamid Kupfer (1)-Chlorid-Komplex wurde durch Zusam- 
mengiessen verdiinnter wiissriger Lésungen von CuCl und Thioacetamid in Form 


eines nadlig kristallisierenden Niederschlags gewonon (vgl. auch [36)). 


Thioacetamid-Hexachlorostannat fillt als weisser kiérniger Niederschlag aus, 


wenn man eine Lsg. von Thioacetamid in konz. Salzsiiure langsam unter Kiihlen 


mit der Aaquivalenten Menge SnCl, versetzt. 

S-Methy!-Thiouronium-Jodid bereiteten wir [37] aus Thioharnstoff und CH,J 
(Fp. 117°C). 

Die Infrarotspektren von allen Substanzen als Pasten in Nujol sowie Hostaflonél 
oder Perchlorbutadien nahmen wir mit dem Perkin-Elmer Modell 21 mit NaCl- 
Prisma u. z. T. auch KBr-Prisma auf. Fiir die iibrigen Aufnahmen mit KBr-Prisma 
verwendeten wir den Perkin-Elmer Infracord und fiir Aufnahmen mit LiF-Prisma 
den Leitz-IR-Spektrographen. 


Elementaranalysen 


Thioharnstoff-Hexachlorostannat : 
5,65% C, 2.33% H, 11.46% N, 43,79% Cl. 
ber. fiir (CH,N.S),SnCl, 4,95%, C, 2,06% H, 11,54% N, 43,80% Cl. 


Thioacetamid-Hexachlorostannat : 
gef. 10,22% ©, 1.14% H, 5.78% N, 43.28% Cl. 


ber. fiir 9,90% C, 2,48% H, N, 43,90% Cl. 


Zusammenfassung 


Das Thioharnstoff-Kation, sowie das Thioacetamid-Kation sind Sulfonium-Ionen. 


35) A. E. Drxon, J. Chem. Soc. 111, 684 (1917). 
36) N. Kurnakow, Ber. deut. chem. Gea 27, 46 (1894). 
37) A. Berntusen und H. Kiincer, Ber. deut. chem. Ges. 11, 493 (1878). 
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die durch Anlagerung eines Protons an den Schwefel gebildet werden. Die Normal- 
schwingungen dieser Kationen sowie ihrer Grundkérper werden zugeordnet. Die 


Anderungen im IR-Spektrum bei der Salzbildung werden auf eine Anderung der 
7-Elektronenstruktur zuriickgefihrt. 


Anerkennungen—Dem ‘Fonds der Chemie” und der ‘“Deutschen Forschungsgemeinschaft’ ‘danken 
wir fiir die Unterstiitzung der Arbeit. Herrn F 


FRIEDRICH vom hiesigen pharmazeutischen 
Institut danken wir fiir die Elementaranalvsen 
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The ultra-violet spectra of some p-substituted anisoles—intramolecular 
cohesive forces and electronic spectra 


— 
E. SPINNER 
Department of Medical Chemist ry, The John Curtin School of Medical Research 
Australian National University, Canberra, Australia 


(Received 21 December 1959; in revised form 10 October 1960) 


Abstract—The ultra-violet spectra of a series of substances p-CH,O—C,H,—X have been 
determined; in some cases (X = CH,;, CH,OH, CH,Hal, CHHal.CH,Hal, CHal,.CHHal,) X 
contained only single bonds, in others it contained a conjugated double or triple bond (X = 
CH=CH,, CHO, C=CH, C==N) or nonbonded electrons (X Hal, NH,). There are no 
demarcation lines between the spectral effects produced by these various classes of substituents. 
The main effect of X is determined not by its electromeric but by its inductomeric and, probably, 
its transverse polarizability. In addition, electron-withdrawal by X tends to displace the 
high-intensity band (at 2200 A in anisole) to longer and the medium-intensity band (2780 A in 
anisole) to shorter wavelengths. The behaviour of the high-intensity band can satisfactorily be 
explained (qualitatively) in terms of excitation of co-ordinated electron oscillations, i.e. by 
intramolecular London—van der Waals interaction, but not, in the author’s view, in terms of 
mesomeric (and inductive) effects. The behaviour of the medium-intensity band cannot at 
present be fully explained by any theory. 
IN ORGANIC compounds, the groups which most commonly produce large shifts of 
reasonably intense (¢ > 1000) absorption bands above 2000 A are conjugated 
double and triple bonds, and atoms with lone electron pairs (such as N, P, O and 8) 
attached to multiple bonds. In these cases one normally postulates delocalization 
of the z- or/and unshared p-electrons in the systems concerned. However, BuRAWoY 
and SPINNER [1] found that groupings like aliphatic C—Hal bonds may also produce 
similar large shifts which are not explainable in such terms. In ignorance of the true 
nature of the effects to be discovered, these authors did not set out to study the most 
suitable series of compounds, and their observations were not satisfactorily explained 
(then or since). The present investigation was undertaken to remedy these de- 
ficiencies.* Amongst the compounds most suited for this work, the p-substituted 
anisoles best combine accessibility with stability. 

Regarding previous work on such substances, complete spectra of p-cresy! 
methyl ether [2], p-methoxybenzy] chloride [3, 2b], p-methoxybenzaldehyde [4], 


p-anisidine and the p-halogenobenzenes [5], and a partial spectrum of p-methoxy- 


benzyl alcohol [6] have appeared before. (For the electronic spectra of some other 
p-substituted anisoles, see [5c}.) 


* Qualitative explanations only are offered in this work. 
A. Burawoy and E. Spinner, J. Chem. Soc. 2557 (1955). 
E. A. Braupr, E. R. H. Jones and E. 8. Stern, J. Chem. Soc. 1087 (1947) 
| M. Oxi, Bull, Chem. Soc. Japan 26, 37 (1953). 
3| G. Costa, Gazz. chim. ital 81, S19 (1951). 
t. A. Morton and A. L. Srusss, J. Chem. Soc. 1347 (1940). 
A. Burawoy and A. R. THompson, J. Chem. Soc. 4314 (1956); A. BuRrawoy and J. T. CHAMBERLAIN, 
Ibid. 2310 (1952). 
W. M. Scuvuspert, J. M. Craven and H. Sreapry, J. Am. Chem. Soc. 81, 2695 (1959). 
[Se] J. C. DEARDEN and W. F. Forsers, Can. J. Chem. 87, 1305 (1959). 
|6) P. Ramart-Lucas, Bull. Soc. chim. France (5) 1, 730 (1934). 
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Experimental 
Materials 
Except for two substances, these were either commercially available or obtained 
by methods described in the literature and purified by standard procedures. The 
physical characteristics of low-melting substances not already fully described were: 
4-methoxybenzy! chloride, b.p. 79°C/1-6 mm, m.p. —1°C; 4-methoxybenzyl bromide, 
b.p. 91°C/1 mm, m.p. 9°C; 4-methoxystyrene, b.p. 85°C/8 mm, m.p. 3-3°C. 


thoxybe nzyl iodide 

This had been prepared (in solution) but not isolated by Lapine [7]. Sodium 
iodide (1-8 g) in anhydrous acetone (10 ml) was added to 4-methoxybenzy! bromide 
(2 g) in anhydrous acetone (30 ml), and the mixture allowed to stand in the dark for 
30 min. The precipitate of sodium bromide was filtered off and the filtrate evaporated 
to dryness at room temperature (at reduced pressure, in an atmosphere of dry nitro- 
gen). The residue was extracted with chloroform, the solution was dried over potas- 
sium carbonate, and the chloroform evaporated as above. The residue was solidified 


by cooling in liquid air (after which it remained solid at room temperature) and 


recrystallized from dry n-heptane (heating to 45°C and cooling to —5°C) to give 
almost colourless transparent plates or needles (0-9 g, 36 per cent) of m.p. 30°C. In 
the absence of air the pure substance is quite stable in the dark, at 5°C, but on 
exposure to air, light or heat, or if impure, the substance soon decomposes. (Found: 
I, 50-7%,; Cale. for I 51-2°%,.) 


Dichloro-4-me thoxyphe nyle thane 


This substance was previously handled as a liquid by QuELET and ALLARD [8], 
who were, however, unable to purify it. To a solution of 4-methoxystyrene (0-94 g) 
in chloroform (1 ml) a solution of chlorine (0-5 g) in chloroform (10 ml) was added 
slowly, with good shaking and good external cooling (dry ice-methanol bath). 
After drying (over potassium carbonate) the chloroform was evaporated and the 
residue distilled in vacuo (b.p. 72°C/0-02 mm) to give «:/-dichloro-4-methoxy- 
phenylethane (1 g, 61 per cent), m.p. 27-5-28-5°C. (Found: C, 52-5; H, 5-2; Cl, 
34-5; Cale. for CgH,,OCI,: C, 52-7; H, 4-9; Cl, 34-6°,.) 


10 


Ultra-violet spectra 

These were determined in solution in n-hexane, on a Perkin-Elmer Spectracord 
model 4000 (or a Cary model 11 M) spectrophotometer. At the slit schedules used 
the slit widths were ~0-095 mm at 3000 A and ~0-175 mm at 2500 A, with 1 em of 
n-hexane placed in a reference beam. The solvent was dried thoroughly before use 
where necessary (i.e. with methoxybenzy! halides). The wavelength calibration was 
checked with benzene vapour, and with a mercury vapour lamp. 


Resul!s 


Wavelengths of maximum absorption are given in angstrOms; peaks that rise only weakly 
above the background absorption are in round brackets, inflexions in square brackets; intensities 
(in molecular extinction coefficients) are in italics. 


7| M. M. Laprne, Bull. soc. chim. France (5) 6, 390 (1939). 
8) R. Qvecet and J. Attarp, Bull. soc. chim. France (5) 7, 215 (1940). 
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Anisole; 2778, 2320; 2711, 2280; (2686, 1345); 2651, 1430; [2618, 990]; [2245, 6180); 
2205, 8000. 

4-Methylanisole: 2858, 2/50; 2794, 2280; 2763, 1900; 2733, 1610; 2709, 1430. [ 2287, 
7210); 2237, 8810. 

4-Methoxybenzyl alcohol: 2818, 1390; 2754, 1630; [2698, 1280|. 2269, 10,730. 

4-Methoxybenzyl chloride: 2833, 1600; 2769, 1625; 2735, 1420; [2714, 1270); 2681, 1200 
[2625, 920]. 2332, 12,040. 

4-Methoxybenzyl bromide: 2285, 1810; [2789, 2500]; [2/54, 2800). 2437, 11,230. 

4-Methoxybenzy! iodide: 2594, 9300. 

«:%-Dichloro-4-methoxyphenylethane: 2825, 1675; 2760, 2035; (2729, 2050); (2700, 1980); 
2668, 2030. 2339, 12,620. 

a:%-Dibromo-4-methoxyphenylethane: [ ~2854, 2860]; [~2765, 4500]. 2504, 9340. 

2697, 8510. 

4-Methoxystyrene: 3035, 1360; [2967, 1810); 2925, 2300; [2845, 2450]. [2667, 16,400); 
2589, 20.000. 2172. 2,530. 

4-Methoxybenzaldehyde: 3608, 13-3; [3525, 16-4]; 3445, 33-4; (3370, 41-1); [3308, 47-2): 
$233, 60; 3120, 65.7. 2880, 5870; 2804, 12,890; 2732, 16,670. 2660 19,800. 2202, 14,750; 
2148, 16,000. 

4-Methoxyphenylacetylene: (3040, 131); 2928, 1590; 2860, 1620; 2827, 1850; (2803, 
1720); [2760, 2000]. 2568, 20,150; 2523, 21,300; (2501, 21,500); 2481, 21,680; 2460, 21,000. 

4-Methoxybenzonitrile: 2840, 1/40; 2775, 1150; 2741, 1350; (2724, 1315); 2667, 1430 
2612, 1450. 2495, 18.200: 2452. 21.400: 2432. 21.400. 

4-Chloroanisole: 2898, 2050; (2867, 1360); 2834, 35,300; 2812, 35,4560; (2775, 1615); 
2754, 1540. (2318, 11070]; 2275, 13,200. 
4-Broamoanisole: 2896, 1430; 2816, 1600; (2759, 1270). [2326, 9,520); 2265, 13,340. 
4-lodoanisole: 2916, 1/45; 2820, 1490; 2758, 1370. (2385, 16.100): 2341, 19.140. 


4-Anisidine: 3060, 2745; (3027, 2735). 2365, 10,200. 


Discussion 
Vibrational fine structure 

The high-intensity bands (¢ 8000-22.000 in these substances) (to be referred 
to as K-bands [9]) normally show no fine structure except for an inflexion on the 
long-wavelength side, usually separated from the main peak by ~700 em-!, ~800 
em~', or ~1140 em~! (see Table 1). These inflexions may be “hot” bands, i.e. they 
may be due to the electronic excitation of vibrationally excited molecules. The 
compounds containing triple-bond substituents, however, have A-bands with clearly 
developed fine structure, of spacing 340 em~'. 

The medium-intensity bands (« 1000-4000) (to be referred to as B-bands [10)}) 
usually show well-developed fine structure, unless single-bonded substituents of high 
polarizability (i.e. C—Br or C—1) are present; these latter produce a broadening 
and merging of the individual bands, so that the B-band system may appear as 
inflexions only (or disappear completely, as in 4-methoxybenzy! iodide). The main 
band separations observed are ~800 em~', 1230( 4-50) em~! and 400 em~-! (see 
Table 1). Only 4-methoxyphenylacetylene shows a clear “hot” band. Which 
vibrations these spacing correspond to is a matter of conjecture at present. 

The electronic energy levels in the bromo- and iodo-derivatives are strongly 
affected by intramolecular London—van der Waals interaction between the pheny! 
and the C—Br or CI grouping, the interaction being strongly dependent on the 


[9] A. Burawoy, J. Chem. Soc, 1177 (1939), and earlier papers cited therein. 
[10] E. A. Brauner, Ann. Rep. Progr. Chem, 42, 105 (1945). 
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The ultra-violet spectra of some p-substituted anisoles 


relative dispositions of the groupings and the distance between them. Bromine and 
iodine atoms are less rigidly bound to their equilibrium positions than are the smaller 
atoms (C, N, O), and perform slower vibrating motions. In addition, some internal 
rotation (libration) is possible in the “aliphatic”? bromo- and iodo-compounds. As a 


result there is a “blurring” (spreading) of the electronic energy levels, with a consequent 


disappearance of vibrational fine structure.* 


The effects of substituents on band positions 


The shifts of the band origins produced by p-substituents in anisole are summarized 


in Table 2. There is no correlation between substituent effects on the B-band and 
those on the K-band; those on the latter are normally much greater, except with 


the methyl, amino, chloro and bromo substituents. 


Table 2. Displacement (in em~!) of the origin of the B- and of the K-band in 
p-CH,0O C,H, X, relative to the values observed for anisole 


X B-band K-band Xx B-band K-band 

H 0 0 CH =CH, 3050 6730 
CH, 1010 650 CH=0 — 1280 7760 
CH,OH 510 1280 C=CH 1850 5720 
CHC! 700 2470 C=N 790 4570 
CH, Br 976 4320 1490 1390 
CHI m* 6800 Br 1470 1200 
CHCLCH,C! 600 2600 | 1710 2630 
CHBr.CH,Br 850 5410 NH, 3320 3070 
CBr,.CHBr, m 8270 | 


* Band masked. 


B- Bands. All p-substituents displace the B-band to longer wavelengths, relative 
to anisole, unsaturated ones more so than saturated ones, double bonds more so than 


triple bonds, halogen directly attached more so than substituted alkyl groups. In 


general the displacement increases as the polarizability of the substituent increases, 


but decreases as the electron-withdrawing effect of the susbtituent increases (C—O 
CH=CH,; C=CH < CH—CH,; C=N < C=CH; CH,OH < CH, < NH,). 


Why p-substituents in anisole should affect the B-band in this manner is by no 


means clear, either in terms of mesomeric and inductive effects, or in terms of the 


author’s model of this transition, viz. the excitation of the mode of electron oscillation 
shown in (I) (see [11], and below). From this model one would certainly predict that 
a high polarizability in X would reduce the electron oscillation frequencies (i.e. 
displace absorption to longer wavelengths), but at present the model provides no 


satisfactory explanation of the hypsochromic effect of electron-withdrawal by X. 
K-Bands. All p-substituents examined here displace the K-band to longer 
wavelengths (only p-fluorine is known to displace to shorter wavelengths [5]); the 


* In p-methoxybenzyl iodide the lack of fine structure could possibly be due to predissociation (this 
was suggested by a Referee); the bromo-compounds, however, undergo no perceptible photochemi« al 


reaction of any kind. 
E. Sprxner, J. Am. Chem. Soe. 79, 504 (1957). 
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effect increases in the order: (F <) H < CH, < Br » Cl <1; CH, <CH,OH 
CH,C! < CH,Br < CH,I; CH,Cl CHCL-CH,CI, CH,Br < CHBr-CH,Br; Cl 
CH,Cl, Br <CH,Br, I <CH,I, I »CH,Cl; C=N <C=CH < CH—CH, 
CHO; CH,Br < < CHBr-CH,Br, CH—CH, CH,I, < CBr,-CHBr,. 


single, 
double or triple bonds, respectively; instead there is a gradual transition. By far 
the most important property that determines the bathochromic effect of a substituent 
is its general (i.e. inductomeric [12] and transverse) rather than its electromeric 


Thus, there is no clear separation as between substituents containin 


polarizability. 


Explanations of the behaviour of the B- and the K-band in terms of 
theories that postulate delocalization of -electrons 

There is wide agreement about the nature of the transition giving rise to the 
B-band in benzene (at 2600 A), and several quantitative treatments have appeared 
of substituent effects in benzene derivatives (monosubstituted [13, 14] or poly- 
substituted by groups with small spectral effects [15, 16]). 

There is less agreement about the transition giving rise to the A-band in benzene 
derivatives. Following MULLIKEN [17], investigators employing the molecular 
orbital approach have tended to regard the excited state obtained as a non-ionic one 
('B,,). However, studies of the spectra of mono- and p-disubstituted benzene 
derivatives (especially Dousn and VANDENBELT’s [18]) leave no room for doubt that 
this transition often entails the migration of electronic charge from the 1 to the 4 
position. Therefore organic spectrochemists, from Lewis and CaLvrn [19] onwards, 
have almost universally regarded the excited state obtained as largely zwitterionic. 
In the author's view, therefore, the band to be assigned to the VN — V type transition 
in benzene is not that at 1790 A (as originally suggested by MuLLIKEN) but the 
K-band (at 2000 A).* 

Quantitative treatments of substituent effects on the A-band in monosubstituted 
benzenes have been given by Murrewe [14] and GoopMaN and Suu [22]; the 
latter, using molecular orbital theory with configuration interaction, calculated the 
position of the A-band (assigned to the A,, > 'B, transition) from the known 
position of the B-band. However, molecular orbital treatments have not been 


ence on this point seems overwhelming: substituents that are capable of large mesomeric 
stabilizing zwitterion structures. displace the 2000 A band much more strongly than the 
when two substituents with opposite mesomeric effects are placed para to each other (as in 
lisparity in the effect on the two bands is greater still See also BuRAWoy's dis 
au, 21 

C. K. INconp. em ters. 15, 225 (1934); Structure and Mechanism in Organic Chemistry p. 72. 
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69, 2714 (1947); 71, 2414 (1949) 
Lewts and VIN fev 273 (1939 
BuRAWOY ira On 7 
\. Burawoy, Burawoy, J. P. Crrroniey and A. R. Tuompson, Ibid. 
4, 403 (1958); A. Burawoy and J. P. Crarrcurey. // 5, 340 (1959) 
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extended to the A-bands of disubstituted benzenes: for the discussion of these the 


valence bond method (resonance with zwitterion structures) is much more serviceable. 

Application to K-bands of p-substituted anisoles. In terms of the valence-bond 
description of mesomeric effects, the zwitterion form (II) makes a much larger 
contribution in the excited (V-type) state of an anisole than it does in the ground 
state. Any structural modification in the molecule that favours this form stabilizes 
the excited state more than it does the ground state and reduces the energy of 


excitation, i.e. it should displace the K-band to longer wavelengths. Form (II) will 
be somewhat favoured energetically (a) if the C,—Y bond is inductively electron- 
withdrawing, (b) if this bond has a high inductomeriec polarizability; a zwitterion 
form analogous to (II) will be greatly favoured (c) if the substituent contains 
m-electrons capable of conjugating with those of the benzene ring, (d) if the un- 
saturated substituent is mesomerically electron-withdrawing. 


(VIT) 


p-Halogenoanisoles. The spectra of these can be explained if one postulates that 
the mesomerism giving rise to (II) is enhanced by the electron-withdrawing inductive 
effect of halogen, but opposed by the electron-donating mesomeric effect of the 
halogen atom [see (VII)]; to account for the spectrally observed order, the latter 
effect would have to increase in the order | Br < Cl < F, in accordance with 
normal chemical experience |23], and with Leonarp and Surron’s explanation of 
the dipole moments of the p-halogenoanisoles [24]. But this is in direct conflict with 
23) C. K. INGoLp, Structure and Mechanism in Organic Chemistry pp. 75, 89 and 332 (personal communi- 


cation from E. D. HuGHes and G. Kounstam). Cornell University Press, Ithaca, New York (1953). 
[24] N. J. Leonarp and L. FE. Surron, J. Am. Chem. Soc. 70, 1564 (1948). 
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spectral data for the unsubstituted halogenobenzenes [5a], for halogenonitrobenzenes 
[5a, b], and halogenoacetophenones (both ultra-violet [5b, 25] and infra-red [26}), 
according to which the mesomeric effect should increase from fluorine to iodine* 
(see also Ropertson and Matsen’s molecular orbital treatment of [the B-bands of] 
the halogenobenzenes [13b)}). 

SCHUBERT ef al. (5b), who observed a correlation between the effects of halogen 
atoms on .V —» V transition energies and on molar refractions, suggested that the 
former are influenced by the above-mentioned factor (b) to a (surprisingly) large 
extent. DEARDEN and Forpes [5c], on the other hand, postulate that in p-iodoanisole 
the observed transition leads to an excited state represented essentially by (VII) 
rather than 

Other p-substituted anisoles. In terms of mesomeric effects one cannot readily 
explain why the electron-donating methy!] substituent displaces to longer wave- 
lengths (it ought to reduce the mesomeric effect of MeO): one is even less successful 
in explaining the order of displacement CH,Cl < CH,Br < CH,I, and Hal 
CH,Hal. One would predict increasing displacements: C=CH < C==N, because 
(VI) is more favoured energetically than (V) (not observed); CH CH, < CH--O, 
because (1V) is more favoured than (III) (observed): saturated substituents 
unsaturated substituents, whereas the observed order is CH CH, < CH,I,+ and 
CH—O < CBr,.CHBr,.? 

According to theories which attribute spectral shifts mainly to mesomeric effects 
the main factor that determines the spectral effect of a substituent should be the 
presence or absence of conjugatable z-electrons in it. This is clearly not the case. 


Ex; lanation of the hehar iour of the K-band by the the ory of intramole cular 


London—van der Waals interaction 


Since large spectral effects by substituents are associated not with the possibility 
of additional z-electron delocalization but with a high overall substituent polariza- 


bility (see also [1, 19, 5a, 21]), one should look for a model which enables single 
bonds of high polarizability to exert large spectral effects, a model which does in 
fact demand a gradual transition in the spectral effects of various bonds. Such a 
model [11] is provided by the theory of intramolecular London—van der Waals 
interaction, according to which the electrons in different (localized) bonds within a 
molecule tend to oscillate in phase. 


When applied to cyclohexatriene this theory explains many properties conventionally 
explained by z-electron delocalization in benzene. Also, there is an increasing body of evidence 
[27, 21, 28] that is difficult to reconcile with accepted ideas of z-electron delocalization, and an 


* It is assumed here that (1) the electronically excited state obtained is largely zwitterionic, (2) 


inductive effects pr spectral shifts that are much smaller than those to be accounted for here (it is 
known that, for example, the inductively very strongly electron-withdrawing N*H, group produces quite 
small shifts 

+ This order was also found in the 4-substituted 4-mx thoxydiphenyls [ 1}. 

; Attempts to prepare «:f-di-iodo- and a:%:8:8-tetra-iodo-4-methoxyphenylethane were, unfortu 
nately, not successful; these substances, especially the latter, would absorb at longer wavelengths than 
4-methoxybenzaldeh yade 
[25] W. F. Forses and W. A. Mveier, Can. J. Chem. 35, 488 (1957) 

R. N. Jones, W. F. Forpes and W. A. Mve turer, Can. J. Chem. 35, 504 (1957). 

A. Burawoy, In Contribution a U Etude de la Structure Moléculaire (V. Henri Memor. Vol.) p. 73 
Desoer, Liege (1948 

E. Spinner, Spectrochim. Acta 15, 95 (1959); J. Chem. Soc. 1226, 1241 (1960 
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increasing tendency [29, 30] (as yet restricted to non-benzenoid compounds) to explain in other 
terms what has previously been regarded as evidence for such delocalization. For these reasons, 


and for the sake of consistency, it will be assumed that all z-electrons are localized, whether 


within a benzene ring or outside. However, the present work represents direct evidence only 


against delocalization of the z-electrons in the substituents. 


Identical or nearly identical bonds will have identical or nearly identical natural 
electron oscillation frequencies; when two (or more) such bonds are close to one 


another, and arranged in a regular manner, the electron oscillations in them are 


co-ordinated, and various modes of oscillation result. The frequency of an in-phase 


longitudinal oscillation (favourable alignment of temporary dipoles) will be lowered 


for each oscillating unit added to the system by an amount depending on the coef- 
ficient of London—van der Waals interaction [31], which is 2«/R*, where « is the 
polarizability of a unit, and #& is the separation between successive units.* Dissimilar 
units, i.e. units of widely differing electron oscillation frequency, also interact 
(though less strongly), the lower frequency being lowered, and the higher one raised 
(by amounts again determined by polarizability and separation). 

The mode of electron oscillation the excitation of which constitutes the NV — V 
transition? is depicted, for a p-substituted anisole, by (VIII). The main oscillations 


[strong arrows in (VIII)] induce subsidiary in-phase oscillations in all the adjoining 


single bonds. If the electron oscillations were simple harmonic motions the frequency 


of the N — V transition would be identical with that of the oscillations, but in a case 


like this there must be an appreciable anharmonicity correction. 


Application to p-halogeno- and p-halogenoalkyl-anisoles. Clearly, the frequency of 
the mode of oscillation shown in (VIII) is lowered as the polarizability of Y—A, 
Y—B, Y—D, C,,—Y, or of any other unit in the system, increases (up to a certain 
limit; see below). Thus, p-methylanisole absorbs at longer wavelengths than 
anisole because the C-—C bond has a higher inductomerie (i.e. longitudinal) polariz- 
abilitv? than has the C—-H bond (in either direction). The relative effects of most 
other substituents are similarly explained; for the bonds Y—A, Y—B and Y—D 


transverse as well as longitudinal polarizability has to be considered, but ordinarily 


these two are correlated. 

The spectral effect of CHCICH,Cl is practically the same as that of CH,Cl, but 
that of CHBr.CH,Br (on the A-band) is 20 per cent greater than that of CH,Br 
(see Table 2). Theories that attribute spectral shifts mainly to mesomeric effects 


seem quite incapable of explaining this, or, indeed, any appreciable effect by 


* A fuller treatment of linear chains of many units will be given elsewhere. 
+ MULLIKEN’s nomenclature [32) will be used throughout for these longitudinal charge transfer 
electronic transitions; the mechanism of transition envisaged by the author is equivalent to MULLIKEN’s 
only for simple molecules (e.g. H,, CH,=-CH,), but differs considerably from the latter’s for conjugated 


systems. 

* With certain reservations, regarding groups possessing lone electrons, and regarding unsymmetrical 
bonds (which should not, in general, be equally polarizable in both directions), one may base the inter- 
pretation of the spectral effects of substituents on INGOLD’s generalizations about inductomeric polar 


izability | 12). 

29] R. S. Berry, J. Chem. Phys. 30, 936 (1959). 

(30) H. J. Bernsrer, J. Phys. Chem. 68, 565 (1959); M. J. 8. Dewar and H. N. Scumeisine, Tetrahedron 
5, 166 (1959) 

131) F. Lonpowr, Trans. Faraday Soc. 33, 8 (190387) 

32! R.S. MuiurKen, Phys. Rer. 46, 549 (1934) 
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B-halogen, but this is readily understood in terms of London—van der Waals inter- 
action, between the two halogen atoms, and between /-halogen and phenyl; one of 
these interactions must be trans, the other gauche. The halogen—halogen interaction 


especially must be much greater for the (more polarizable) bromine atoms than it is 


for chlorines. 

It seems strange at first sight that the bathochromic effect on the K-band in 
anisole should always be smaller for the p-Hal than for the p-CH,Hal substituent,* 
but this is analogous to the difference between allene (/,,,, for K-band, 1790 A) 
[33] and butadiene (Z,,.. 2170 A): When the distance between the interacting 
units is less than a critical value (if 2x > R*)*+ the London model predicts an imagin- 
ary value for the frequency of the in-phase oscillation. In fact, in such a case the 
model breaks down, owing to partial overlap (i.e. repulsion) between the electrons 
in the interacting units; e.g. between the two 7-electron pairs in allene, and between 
the z-electrons and the C—-Hal bonding electrons in a halogenobenzene. 

Anisoles with unsaturated p-substituents. The \ — V transition in acetylene 
oceurs at much shorter wavelengths (1342 A) than that in ethylene (1744 A); in 
view of the wide difference between the C—C and the C=C bond, less perfect co- 
ordination of the electron oscillations (i.e. weaker London interaction) is to be 
expected in the system —CH—CH—C=CH than in —CH=-CH-—CH=CH,. This 
explains why the bathochromic effect of the C==CH substituent is smaller than that 
of CH=CH, (in both benzene and anisole). That of C==N is smaller still, because 
C==N has a lower inductomerie polarizability than C=C. The inductomeric polariz- 
ability of C—O being lower than that of C—C, the bathochromic effect of CH=O 
should be smaller than that of CH=—CH,; this is observed in the substituted ben- 
zenes (/,,,. for benzaldehyde and styrene [35] being 2408 A and 2457 A, respectively), 
but not in the p-substituted anisoles. The presence of highly polar groupings in these 
molecules, however, introduces some complications that will be considered below. 

Intramolecular London—-van der Waals interactions involving unsymmetrical units. 
Electrical dissymmetry causes bonds to be more polarizable longitudinally in one 
direction than in the other; the longitudinal electron oscillations thus extend more 
towards one atom than the other, which makes them anharmonic. On excitation 
the dissymmetry is increased. Fig. | shows the difference between the symmetrical 
C=C and the unsymmetrical C—O group, in ethylene and formaldehyde, respectively. 


* In the p-substituted nitrobenzenes, by contrast, halogen directly attached has a greater batho 
chromic effect than CH,Hal (cf. the maxima for p-NO,—C,H,—I and p-NO,—C,H,—CH, I at 2865 A 
5a} and 2649 A [1], respectively). There is, however, an important difference between p-halogenonitro- 
benzenes and p-halogenoanisoles 

From the discussion below (of benzaldehyde and anisole) it will emerge that (a) whereas the N — V 
transition in p-NO,—C,H,—X is accompanied by an overall electron migration from X towards NO,, 
the transition in p-MeO—C,H,—X is accompanied by a migration from MeO towards X; (b) owing to the 
presence of the lone Hal electrons, the C,-—Hal grouping in a halogenobenzene (like the Car © grouping 
in anisole) is more polarizable towards C,, than towards Hal. The N —> V transition in p-NO,—C,H, 
Hal is therefore assisted energetically to a degree that is not possible in p-MeO— C,H, —Hal (i.e. the lone 
Hal electrons exert a [much| greater bathochromic effect in the p-nitro- than in the p-methoxyhalo- 
genobe nzenes 

+ More precisely [34], the frequency is imaginary if 2a/R(R? 5?) 1, where 2 is the average ampli- 
tude of longitudinal oscillation of the elect rons concerned, 

L. H. Surewirre and A. D. Wats, J. Chem. Soc. 899 (1952). 

|] E. Sprnner, Austral. J. Chem. 18, 218 (1960). 

5) M. Pestemer, T. Lancer and F. Mancnen, Monatsh. Chem. 68, 326 (1936). 
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In the ground (N-) state the 7-electrons carry out only the zero-point motion, in the 
first longitudinally excited (V-) state the electron oscillation amplitude is effectively 
extended, equally in both directions for the C—C bond, but more towards the more 
electronegative atom, i.e. O, in the C—O bond.* 


(a) (b) 


Probability 


Probability 


Distance Distance 


Fig. 1. Probability of finding the centre of the z-electron charge at a given distance along 
the internuclear axis plotted against this distance, for the electronic ground state (n 0) 
and the V-state (n 1), in (a) ethylene and (b) formaldehyde. (n quantum number for 
longitudinal oscillations of z-electrons.) (While these curves are qualitatively correct, no 
quantitative accuracy whatever is claimed for them.) 


(X a) (Xb) 


In a substance like benzaldehyde the dissymmetry of the longitudinal C—O 
z-electron oscillations induces a dissymmetry in the ring z-electron oscillations: 
since excitation to the V’-state increases the dissymmetry there is during the transi- 
tion an overall migration of electrons in the direction of the full arrows in (IX). 
Any structural change in the molecule that assists such a migration thereby lowers 
the energy of the V — V transition. 

In a substance like anisole the difference in electronegativity between the C,, 
and the O atom shouid produce a similar effect, but the presence of lone electrons 
on the O atom will produce the opposite effect: these electrons are readily drawn 


towards the adjacent C,, atom when this has acquired a partial positive charge, as 
in (Xa),+ but are not readily moved farther away from this atom when it has acquired 


* Any effect of the unshared O electrons in reducing the polarizability of the C—O z-electrons towards 
O should be very small. 

+ The presence of the lone O electrons, furthermore, increases the inductomeric polarizability of the 
C—O bonding electrons towards C (and reduces that towards O); for these (¢-bonding) electrons this 
factor should be significant. 
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SPINNER 
a partial negative charge, as in (Xb) (not being attached to any other atom, these 
electrons tend to remain close to the O nucleus; movement towards the Me group is 
curtailed by repulsion by the O—Me bonding electrons). The charge disposition in 
(Xa) is thus energetically favoured over that in (Xb), and a corresponding dissym- 
metry in the C=C z-electron oscillations results. 

In the V-state any existing dissymmetry will be enhanced, i.e. the transition is 
accompanied by an overall electron migration. One could not predict a priori, but 
from the known spectra of p-substituted anisoles (and similar substances, like 
anilines, ete.) one must conclude a posteriori, that the effect of the unshared O 
electrons outweighs the effect of the CO electronegativity difference; i.e. even in 
the ground state the overall charge distribution must be closer to that in (Xa) than 
that in (Xb), and on excitation there is an overall electron migration away from the 
© atom (direction of full arrows in (VIII)). 

Any structural modification in (VILL) which assists such a migration, like the 
replacement of a p-CH=-CH, group by the more electron-withdrawing CH—O 
group, should tend to lower the energy of the V —- V transition; hence CHO has 
a greater bathochromic effect here than CH—CH,,. 

Electron migrations in the direction away from the O atom occur during the 
N —» V transitions in all the p-substituted anisoles studied here, except (as deduced 
empirically by Dearpen and Forses [5c}) in p-iodoanisole and, of course, p- 
anisidine, in both of which the overall migration is directed towards the O atom. 
These two, however, should not be regarded as derivatives of anisole (/,,,, of K-band, 
2205 A), but of iodobenzene (A,,,. 2340 A), 
respectively, because in the latter two parent substances the NV — V transition 


2270 A [5e}) and of aniline (A,,,. 
requires less energy than does that in anisole.* The introduction of a p-methoxy- 
substituent into these parent substances produces a shift to longer wavelengths 
because MeO has a higher inductomeric polarizability than has H. 

Comparison between saturated and unsaturated p-substituents in anisole. If sub- 
stituent effects in spectra are due to intramolecular London-van der Waals forces, 
a single bond of sufficiently high polarizability should be comparable in its effect 
with a double bond: furthermore, the effects of several polarizable units within a 
substituent (e.g. the two C,—Br and two C,—Br bonds in CBr,.CHBr,, as compared 
with one C,—Br and one C,—Br bond in CHBr.CH,Br) should be cumulative.t 
All this is observed. In the absence of a quantitative treatment? one cannot say 
that the theory actually demands bathochromic effects increasing in the order 
CH—CH, < CH,I, and CHO < CBr,.CHBr,, but such an order is in no way 
surprising. 

Parallelism between stabilizing effects of substituents on the electronic ground and on 
the excited (V-) state. According to the theory of mesomerism, resonance with 
zwitterion structures such as (I1)-(V1) is less important in the ground than in the 
I’-state, but there is a small resonance stabilization already in the ground state, 


* One could say that the mesomeric effects of NH, and I are greater than that of MeO. 


particularly for polar groups 
* A quantitative treatment of the interactions between very dissimilar units is not possible without 
drastic oversimplifications and highly speculative assumptions, and will not be attempted here. 
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The ultra-violet spectra of some p-substituted anisoles 


and there should be a rough correlation between the spectral effect and the ground- 
state stabilization arising from the mesomeric effect of a substituent. 

According to the theory of London—van der Waals attraction also, every substitu- 
ent that lowers the frequency of the NV —- V transition must give rise to additional 
cohesion in the ground state [11]. Again the stabilization of the ground state is 
much smaller than that of the V-state (for the interaction between two identical 
units, the stabilization of the V-state is a first-order effect [oc «/R*), that of the 


N-state a second-order effect [ox ~?/R®] [31]). It is thus predicted that substituents 
like CH,I and CBr,.CHBr,, when attached to a benzene ring, will give rise to 
stabilizations (observable in heats of combustion) similar to those produced by 


substituents containing conjugatable z-electrons. 


Acknowledgement—The author thanks Dr. J. Finpes for a microanalysis. 
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Abstract — The ultra-violet spectra of a series of substances CgH,CO.X, and of the corresponding 
C,H A where these were obtainable. have been determined [X H, CHsg, 
CgH,;, CHZOH, CH,N* Hyg, CH,CN, CH,Cl, CH,Br, CH,1, CHBr, CCl, CBr,| 
Both polarity and steric effects of X influence the spectrum somewhat. However, the most 
prominent effect observed on the high-intensity band (at 2408 A in benzaldehyde) is a displace- 
ment to longer wavelengths which increases with the general polarizability of X and which, in 
favourable cases, amounts to 200-300 A. Such effects seem unexpected according to theories that 
ittribute spectral shifts mainly to changes in mesomeric effects, but they are readily understood 


m the basis of intramolecular London-van der Waals interaction 


WorK previously reported [1, 2b] has been concerned with the spectral effects of 


substituents in methyl groups attached to benzene rings; some groups that are 
incapable of conjugating, in the generally accepted sense of the term, were found 
to be capable ot producing large spectral shifts. which showed these groups to be 
directly involved in the electronic excitation process. The present work deals with 
the effect on electronic spectra produced by substituents in methyl! groups that 
branch off the conjugated chain, in two systems, viz. acetophenone (1, YABD 
(H,) and its cation (Il, YABD — CH,): some of the substituent effects obtained 
are quite substantial, especially in the oxonium ions 

The ultra-violet spectra of phenacy! chloride and bromide [3], propiophenone 
and pivalophenone |4, 5], and desoxybenzoin [6] have been reported previously. 


Spectra in concentrated sulphuric acid 


The electronic spectra obtained show that in this solvent most of the substances 
examined, namely benzaldehyde, the alkyl and aralky! phenyl ketones, and phenacy! 
chloride and bromide, are wholly or predominantly ionized to the cations. «©: :0- 
Trichloro- and and the phenacylammonium ion, on 
the other hand, do not form detectable amounts of the oxonium ions. Amongst the 
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The electronic spectra of acetophenones substituted in the methyl group 


substances which clearly show the presence of two ionic species, the proportion of 
oxonium ions, roughly estimated from the observed band intensities, are as follows: 
«:@-dibromoacetophenone, ca. 50 per cent; phenacy! cyanide, ca. 25 per cent; 
w:o-dichloroacetophenone, ca. 15 per cent. 


Experimental 
Materials 


These were either commercially available or prepared by methods described in 
the literature and were purified by standard procedures. 


Stabilities of materials under experimental conditions 


In n-hexane and in ethanol (where this was used) all the substances examined 
were perfectly stable, the only exception being phenacy! iodide, which is sensitive 
to light. For this, the spectral measurements (in dried n-hexane) were completed 
within 20 min of preparing the solution. 

Alkyl phenyl ketones are known to be stable towards concentrated sulphuric 
acid. Chlorinated and brominated derivatives of acetophenone were found to be 
stable: after being left to stand for 75 min the solutions of these substances were 
poured on ice; the materials were recovered in almost quantitative yields with 
almost unchanged melting points. 

Phenacy! cyanide is known to undergo slow hydrolysis in concentrated sulphuric 
acid, but little change was found to occur within 75 min: the m.p. of the recovered 
material was 75-78°C, as compared with 80-81°C for pure phenacy! cyanide, and 
114°C for pure benzoylacetamide (the product of hydrolysis). For desoxybenzoin the 
recovery after 75 min was only 75 per cent; the remainder must have been sul- 
phonated. The presence of a small amount of the sulphonic acid (~7 per cent after 
20 min) should have little effect on the spectrum. The measurements for both these 
compounds were completed within 20 min of dissolution in sulphuric acid. 

Phenacy! alcohol and iodide are both rapidly decomposed by concentrated 
sulphuric acid and no spectral measurements were possible. 


Ultra-violet spectra 
These were determined with a Hilger E3 quartz spectrograph fitted with a Spekker 

| 
photometer, a tungsten steel high-tension spark serving as the source of light. 
Spectra were recorded on photographic plates which were examined visually with 
a lens. 


Results and discussion 


Most of the ketone spectra obtained show three types of absorption: the low 
intensity carbonyl band (¢ = 20-400) to be referred to as the R-band [7], the 
B-band [8], of medium intensity (e = 700-1500), and the A-band [7], of high 
intensity (¢ = 9000-15,000). These three types of band arise from different 
electronic transitions and will be discussed separately. 
[7] A. Burawoy, J. Chem. Soc. 1177 (1939), and earlier papers cited therein. 
[8] E. A. Braupe, Ann. Rep. Progr. Chem. 42, 105 (1945). 
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Table 1. Maxima of R- and B-bands of compounds C,H,.CO_X in n-hexane* 


R-hand B-band 


3380 
32580 
3165 
3070 


3210 285: SSO 
900 


$200 SOU 
900 


CH,C,H; 3360 


3250 
3175 


2800 1200 


CH,OH 2885 920 1210 
2788 1150 230 


2695 900 


CH,CN 2810 1350 1040 
2730 1150 


CH,C! > 2778 1200 
CH,Br 2800 1450 


l, 1300 
1400 


m 


* Wavelengths (/) are in A, intensities in molecular extinction coefficients (e). 
+ Taken from Ramart-Lvcas and Grumez 

* Solvent ethanol 

§ Vibrational spacing in cm 
** Band masked 


1 


H 3525 2885 900 1210 
ete 26 2788 1100 
28 
27 
2850 
2735 
120 2880 700 1390 y 
|| 130 2769 900 
120 
VOLe 
196) 
CH,! 3370 350 m 
| CHBr, 3365 160 m 
3270 170 
l, m m 
Br, 
560 


The electronic spectra of acetophenones substituted in the methyl group 


The carbonyl R-band 


The effect of a given series of groups on the position of the R-band is apt to vary 
considerably from one series of compounds to another, and attempts to attribute 
the observed shifts of band maxima* to definite electronic or steric effects have to 
be rather arbitrary at present. In the aliphatic aldehydes and ketones alkyl groups 
tend to produce displacement to shorter wavelengths. in the order H < (CH,),.C 
(CH,),CH < CH,CH, < CH, [9]; probably the electron-donating effect of alkyl 
groups which causes displacement to shorter wavelengths is opposed by a bulk 
effect (possibly on the bond angles) which causes displacement to longer wavelengths. 
In the phenyl! alkyl ketones (see Table 1) the R-band is displaced to shorter wave- 
lengths with increasing alkylation.t The introduction of halogen into acetaldehyde 
or acetone causes displacement to longer wavelengths [10]. In the halogenoaceto- 
phenones the first halogen atom causes displacement to longer wavelengths. in the 
order H C] Br <I, but further halogen atoms to shorter wavelengths. In 
phenacy! alcohol and the phenacylammonium ion the absorption edge is displaced 
to shorter wavelengths, owing to intramolecular hydrogen bonding. 

No good explanation of the observed substituent effects is available at present, 
no matter whether one assigns the R-band to a singlet triplet transition [11]§ or to 
the excitation of a lone-pair oxygen electron into an excited C—O z-orbital [13]. 


The B-bands 


Table 1 also lists the B-bands of o-substituted acetophenones. No regularities 
can be discerned in the substituent effects. The bands show little or no vibrational 
fine structure. 


The K -hands 


The maxima of the A-bands of w-substituted acetophenones and of their oxonium 
ions, where these could be obtained, are listed in Tables 2 and 3, which also give the 
substituent effects, relative to benzaldehyde (or its cation). 

The ions absorb at much longer wavelengths than the neutral] molecules. 
Klectron-withdrawing «-substituents always displace the K-band to longer wave- 
lengths. The order in which the shift increases is roughly the same in both the 
neutral molecules and the cations, but it is not the order of increasing electron- 
withdrawing effect of the substituent (in fact. it is usually the order of decreasing 


* Strictly one ought to « ompare band origins rather than band maxima; however, 
be observed except in a few favourable cases 


+ These data should be compared with the following figures for the R-band in p-Alk C,H,—Co. H, 


the origins cannot 


Alk=-H. 3210 A. ; #4; Me, 3208 A, 60; Et, 3200 A, 62: iso-Pr. 3195 A, 63; t-Bu, 3187 A. 63 (Br RAWOY 
and SPINNER, unpublished work) 
Any environmental change that increases the dipolar character of the C—O bond is known to 
displace the R-band to shorter wavelengths [7]. 
§ BuRawoy’s assignment [11] is rejected by the junior author as it is at variance with the spectrum of 


formaldehyde 12 


9| H. Conran-Bittrorn, Z. Physik. Chem. (Leipzig) 28, 315 (1933). 

10| W. Heron, Z. Physik. Chem. ( Liepziq) 18, 265 (1932). 

11] A. Burawoy, Discussions Faraday Soc 9, 70, 73 (1950), 

12} J. C. D. Brann, J. Chem. Soc. 858 1956); G. W. Rontxson and V Kk. Du 
36, 31 (1958). 

13) H. L. McMurry and R. 8S. MuuuKen. Proc. Nat. Acad, Sei, US 26, 312 (1910); H. L. McMurry. 
J. Chem. Phys. 9, 231 (1941) 
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Table 2. Maxima of A-bands of compounds C,H ,CO.X * 


In n-hexane 


Art 


H 2408 14,800 

CH, 2387 12.500 360 
CH,CH, 2380 13,200 490 
C(CHs), 2362 9500 
CH,C,.H, 2412 15,000 70 


CH,NH,? 

CH,OH 2430 14,000 380 
CH,CN 2444 14,000 610 
CH,Cl 2450 13,000 710 
CH,Br 2483 10,000 1260 
CH,I 2495 10,000 1450 
CHCl, 2513 12,000 1740 
CHBr, 2554 12,000 2380 
CCl, 2542 12,000 2190 
CBr, 2615 9500 3290 


In ethanol 


é 


15,000 
13.000 630 


14,000 
13,000 


* Units as in Table 1. 


+ Band displacement, relative to benzaldehyde, in em 
> The free amine does not exist. 


Table 3. Maxima of K-bands of compounds C,H,CO.X and CgH,COH.X in 


solution in concentrated sulphuric acid* 


VOL. 
17 
196: 


é Art 


H 2952 
CH, 2950 
CH,CH, 2960 
C(CH,), 3014 
CH,C,H, 2985 


CH,NH, 14,500 

CH,CN 12,000 3007 
CH,Cl 3073 
CH,Br 3162 
CHCl, 2736 10,000 3240 3158 
CHBr, 2770 6500 3050 3250 
CBr, 2840 9300 3040 


—-OH.X 


25,500 

26,000 20 
24.000 100 
18.000 700 
22,000 380 


6000 630 
24,500 1340 
18,000 2260 

4200 - 2990 
13,000 3110 


* Units as in Table 4 

+ Solvent effect relative to n-hexane: band displacement in em~'. 
+ Band displacement, relative to the benzaldehyde cation, in em~'. 
§ Solvent effect relative to ethanol. 


electron-withdrawing effects). Increasing alkylation at the carbonyl! carbon atom 
displaces the A-band to shorter wavelengths in the neutral molecules, but to longer 


wavelengths in the cations. 


For reasons given before [2b] the K-band is assigned to the N —» V transition. 
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The effect of substituents on the position of the K-Band (By E. S§.)* 


Comparison of the bathochromic shifts produced by CHO and CH—OH 


Compared with the A-bands of the neutral molecules (1) in n-hexane, the K- 
bands of the corresponding ions (II), in concentrated sulphuric acid, are displaced 
by about 8000 em~'. As much as 40-45 per cent of the shift could be a solvent effect 
(see Table 3): in the excited (V-) state a molecule (I) has a higher dipole moment 
than it has in the ground (N-) state, and the highly polar H,SO, molecules solvate 
the dipoles more effectively than n-C,H,, molecules do.t The remainder (i.e. more 
than half) of the observed shift, however, is due to the fact that the grouping 


C—OH.X has a much greater bathochromic effect than C—O.X. 


(VY) 


All this is satisfactorily explained by the theory of mesomerism, according to 
which (in valence bond formulation) (III) and (IV) are only minor contributing 
forms in the N-state but major contributing forms in the V-state, form (IV) for the 
ions especially so. 

However, these observations are also explainable by the intramolecular London 
van der Waals force model of the NV — V transition [2]. Because of the electrical 


* Burawoy’'s theory of this transition [14] is rejected by the junior author, because (1) it is based 
on Simpson's variant [15] of the theory of KALLMANN and Lonpon [16]; this is admirably suited to the 
treatment of long-range interactions in dynamic partially excited systems, but seems unsuited to short- 
range interactions within essentially static systerns, such as molecules, for which the wave-functions 
there employed are grossly inaccurate (except for excited Rydberg states); (2) BuRawoy did not accept 
that there is a difference between o- and z-electrons. 

+ It is assumed here that the solvent effect on the K-bands could be the same for the ions and the 
neutral molecules. This is not necessarily true; some ions (e.g. triphenylmethyl cations [17]) exhibit 
much smaller solvent effects than do highly dipolar molecules. 

[14] A. Burawoy, Tetrahedron 2, 122 (1958). 

[15] W. T. Simpson, J. Am. Chem. Soc. 73, 5363 (1951). 

[16] H. KaLuMANN and F. Lonpon, Z. physik. Chem. (Leipzig) B 2, 207 (1929). 

[17] W. R. B. Arruur, A. G. Evans and E, Wurrtce, J. Chem. Soc. 1940 (1959); J. L. Correr and A. G. 
Evans, 2988 (1959). 


re) + 
OH ; 
/ 4 
Y—A Y—A 
/\, /\ 
(1) B 8B 
rey - H 
\ 
+ + =C 
/ \ / \ 
Y—A Y—A 
Vile /\ / \ 
17 (m) O B (YW) po 
96] 
fone 
563 


E. Spinner and A, BurRawoy 


dissymmetry of the C—O group the V -+ V transition in benzaldehyde (for example) 
is accompanied by an overall electron migration in the direction of the full arrows 
in (V), and any structural modification in the molecule that enhances this migration 
tends to lower the energy of the transition [2b]. Proton addition to the carbony! 
oxygen atom greatly increases the electrical dissymmetry of the C—O bond, and 
facilitates the overall migration greatly. 

However, the acquisition of a positive charge by the oxygen atom reduces the 


inductomeric polarizability of the C—O z-electrons and thereby raises the frequency 
of the N — V transition. A priori, this factor could conceivably have outweighed 
the effect on the facility of the overall migration, i.e. this theory does not predict as 
unambiguously as does the theory of mesomerism that protonation at the oxygen 
atom should have a bathochromic effect on the K-band. 


The effect of hydrogen bonding 

A proton linked to the carbony! oxygen atom by a hydrogen bond should produce 
an effect which is qualitatively similar to (but quantitatively much smaller than) 
that of a covalently attached proton, i.e. it should facilitate the overall electron 
migration, and displace the A-band to longer wavelengths. The A-bands of benzalde- 
hyde and acetophenone do appear at longer wavelengths in the solvent ethanol than 
in n-hexane; no appreciable solvent effect, on the other hand, is observed for phena- 
ev! alcohol, the infra-red spectrum of which [18] has shown the presence of an 
intramolecular hydrogen bond. Thus the carbonyl group in this substance is in a 
largely hydroxylic environment even in the solvent n-hexane, and the bathochromic 
effect of the -hydroxy group in this substance is, in part, due to the hydrogen 
bond. Intramolecular hydrogen bonding probably affects also the electronic spectrum 
of the phenaevlammonium ion. 


Electron -withdrawing «-substituents 


\ccording to the theory of mesomerism, saturated groups X, if devoid of lone 
conjugatable electrons, do not directly contribute to the mesomeric effect of C-—-O.X 


in C,H.CO_X, or of C--OH.X in C,H,C—-OH.X, and only a small indirect effect on 
the electronic spectrum is to be expected. Electron-withdrawing groups A, B and 
D in (1) or (LL) create some electron deficiency at the carbonyl! carbon atom; this 
will favour form (ILL) for the neutral molecule (negative charge close to that atom), 
and (LV) for the cation (positive charge far removed from that atom). Thus one 
would predict a displacement of the A-band to longer wavelength which increases 
with the electron-withdrawing effect of X. 

Actually there is a displacement to longer wavelengths, but it does not increase 
with the electron-withdrawing effect of X. Furthermore, some saturated groupings 
X, such as CHBr, and CBr,, which cannot participate in the resonance directly, 
produce much larger bathochromic effects (150 A and 200 A, respectively) than does 


phenyl (75 A) [19], which does participate (through cross-conjugation); this seems 


quite unexpected on the basis of the theory of mesomerism. 


18] R. N. Jones and E. Spryner, Can. J. Chem. 36, 1020 (1958). 
19) G. Scwerpe, Ber. deut. chem. Ges. §9, 2617 (1926); R. N. Jones, J. Am. Chem. Soc. 67, 2127 (1945). 
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According to the intramolecular London—van der Waals force model, a group X 
should have both an indirect and a direct effect on the energy of the N — V transi- 
tion. Regarding the indirect effect, the replacement of the aldehydic hydrogen atom 
in benzaldehyde (or its cation) by an electron-withdrawing group X will reduce the 
inductomeric polarizability of the C—O bond towards O, which should raise the 
energy of excitation, but it will also increase the inductomeric polarizability of the 
phenyl group towards CO.X, which should lower the energy of excitation. One 
cannot predict a priort which effect should be the more important one (ef. above 
remarks re spectral effect of cation formation); however, it is known empirically 
that electron-donating groups X like O~ and NH, always displace the K-band to 
shorter wavelengths in systems of this type;* i.e. the latter effect must be more 
important. Electron-withdrawing substituents A, B and D in (1) or (II) should 
therefore displace to longer wavelengths. This is the case, but the bathochromic 


effects of strongly electron-withdrawing substituents of low polarizability (NH, and 
CN) are comparatively small. 

However, much more important than the indirect effects of A, B and D (on the 
facility of the overall electron migration) are the direct London—van der Waals 
interactions: all electrons in the vicinity of the z-electrons perform induced oscilla- 
tions in concert with those of the z-electrons. The amplitude of the oscillations 
induced in the bonds C—Y, Y—-A, Y—B and Y—D depends on the inductomeric 
and/or transverse polarizabilities of these bonds. The frequency of the mode of 
electron oscillation depicted in (V), which is roughly the same as the frequency of 
the NV — V transition, is lowered as the above polarizabilities increase. 

This model thus demands that the bathochromic effect of an @-substituent in 
(1) or (IT) should depend mainly on its polarizability (in the appropriate direction). 


This is clearly the case. Thus the bathochromic effect of the NH, group in the 
phenacylammonium ion is small, because of the very low inductomeric polarizability 


of NH,+t. The observed order of increasing bathochromic effects, H < CH,NH, 
CH,CN < CH,Cl < CH,Br < CH,1I; CH,Hal < CHHal, < CHal,; CHCl, < CHBr,, 
CCl, < CBrg, is the order of increasing polarizabilities. 

In the oxonium ions the polarizability appears to be a particularly important 
factor: observe the sharply increasing bathochromic effects CH,CN < CH,C! 
CH,Br. 


Alkyl substituents—spectral effects associated with coplanarity 

In the pheny! alkyl ketones increasing alkylation at the carbonyl carbon atom 
displaces the K-band to shorter wavelengths. This hypsochromic shift could con- 
ceivably be due to the electron-donating inductive effects of alky! groups, but this 
explanation is rejected, because: (1) the shifts seem too big (cf. the small shift 


* For example, the maxima for the benzoate ion (in water) and benzamide (in methanol) are found at 
2240 A and 2250 A, respectively [20], as compared with 2495 A for benzaldehyde in water. 
+ Similarly, the NH, group in the phenylammonium ion has no bathochromic effect because th« 
respective electron oscillations in benzene, (IV) and (V) in [2a], are not facilitated by its presence. 
120) L. Dovs and J. M. VANDENBELT, J. Am. Chem. Soc. 69, 2714 (1947); H. Ley and H. Specker, 
Ber. deut. chem. Ges. 72, 192 (1939). 
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produced by the strongly electron-withdrawing CH,NH, group); (2) whereas, on 
this basis, one would expect even bigger hypsochromic shifts in the oxonium ions, 
increasing alkylation actually produces a bathochromic shift in the ions; (3) the 
replacement of the aldehydic hydrogen atom in crotonaldehyde by methyl displaces 
the K-band to longer wavelengths (from 2170 A to 2240 A [21]). The main difference 
between acetophenone and ethylideneacetone arises from the presence of steric 
interference between the methyl! group and an o-hydrogen atom in the former and 
the absence of such interference in the latter substance. Steric inhibition to coplan- 
arity is well known to displace the A-band to shorter wavelengths [22]. The spectral 
shifts observed in the phenyl! alkyl ketones are therefore attributed to a (small) 
inhibition to coplanarity which increases with increasing @-alkylation. 

The replacement of the aldehydic hydrogen atom in the cation of benzaldehyde 
by methyl has a negligible effect on the spectrum, but further alkylation has a marked 
bathochromic effect. This may arise from the increase in the inductomeric polariza- 
bility in the order CH, < C,H, < CH(CH,), < C(CHg)s, the bathochromic effect 
arising from the polarizability of substituents A, B and D being known to be particu- 
larly prominent in the oxonium ions (11), What is noteworthy, however, is the ab- 
sence of any sign of steric hindrance to planarity in the ions. 

This state of affairs is paralleled in 2:4:6-trimethylacetophenone. The ultra- 
violet spectrum of the neutral molecule (A-band displaced to much shorter wave- 
lengths) shows that the COCH, group is turned out of the plane of the benzene ring 
(22). Because of this, this substance is a much weaker base than acetophenone and 
is only ~15 per cent ionized in concentrated sulphuric acid. The peak of the A-band 
of the cation.* however, is at 3190 A (observed ¢ = 4500), as compared with 3113 A 
(e — 30,000) for the cation of 4-methylacetophenone [23]; i.e. in the ion, the benzene 


ring and the CO==H bond are coplanar, or nearly so. 

Presumably the o-methyl groups in the cation of 2:4:6-trimethylacetophenone, 
and the alkyl group in a pheny! alky! ketone cation, are bent away (out of the plane 
of the molecule) so as to reduce steric interference. Whatever the nature of the 
force that causes the double bond skeleton to be planar, it is undoubtedly more 
powerful in the oxonium ions than it is in the un-ionized ketones. 

According to resonance theory form (IV) makes a greater contribution in the 
ions (IL) than (III) does in the neutral molecules (1), hence the ions have a greater 
tendency to be planar. 

According to the theory of intramolecular London—van der Waals attraction, 
the general formula (V1) [24] for the interaction energy between two (permanent or 
temporary) dipoles, l’ is given by 


Rs [2 cos 4, cos 6, — sin 9, sin 6, cos (d, — ¢,)] (VI) 


* Sprvner and Burawoy, unpublished work. The A-band for the un-ionized 2:4:6-trimethyl- 
acetophenone in concentrated sulphuric acid is at 2320 A (observed «¢ 10,000) (strong steric hindrance). 
I ) 


(21) K. Bowpen, I. M. Hersron, E. R. H. Jones and B. C. L. Weepon, J. Chem. Soc. 39 (1946); 
K. Bowpey, E. A. Braupeg, E. R. H. Jones and B. C. L. Weepon, Jbid. 45 (1946). 

[22] M. T. O'SHaveunessy and H. W. Ropesusn, J. Am. Chem. Soc. 62, 2906 (1940). 

23) A. Burawoy and E. Sprvner, J. Chem. Soc. 2085 (1955). 

24) F. Lonpown, Trans. Faraday Soc. 33, 8 (1937). 
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where & is the distance between the two dipoles 4, and yj, whose polar co-ordinates 
(angles) with respect to the axis joining the centres of two dipoles are 6,, ¢, and 0,, 
$2, respectively. It follows (if other things remain constant) that, in a system of two 
anisotropic units, the directions of maximum polarizability should be collinear, or, 
failing that, coplanar, if the coefficient of London interaction |24], the lowering of 
the frequency of the N -+ V transition, and the intramolecular cohesion energy* 
(i.e. the stabilization of the ground state; see [2b], p. 557) are to be at a maximum. 
For this reason systems containing conjugated double bonds tend to be planar.+ 

Applying this to the substances examined in this work, one must conclude that 
the coefficient of London-van der Waals interaction between the phenyl and the 


C=-OH.X group is far greater than that between phenyl and C—O.X, as the batho- 


chromic effect of the C—OH.X substituent A when X —H) is far ereater than 
that of C—O.X (400 A when X—H). Thus the corresponding intramolecular 
London—van der Waals stabilization is far (about four times. see [2b] p. 557) greater 
in the oxonium ions than it is in the neutral carbonyl compounds, and the loss in 
stabilization resulting from loss of coplanarity is greater in the ions. Hence the ions 
have a much greater tendency to be planar. 

* In highly polar systems the cohesion energy will includ appreciable contributions from intra- 
molecular induction (inductive direct field) as well as van der Waals—London forces; the former forces, 
too, are strongest in the linear or planar system 


* Here a loss of coplanarity results in a loss in cohesion energy not merely because the ang! 
increases, but also (amongst other reasons) because PR increases 
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The tertiary CH and CD vibrational frequencies in 
polyacrylonitrile and a-deutero polyacrylonitrile 
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Research and Dk veloprne nt Division, American Viscose Corporation 
Mareus Hook, Pennsvivania 
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Abstract ~The infrared spectra of polyacrylonitrile and z-deutero polyacrylonitrile were observed 
The | olarized spectrum ola rolled film of the deuterated polyme r was studied. The tert mary CH 
stretching frequency is identified with the band at 2927 em~'. The bands at 1252 and 1075 em”! 


te] as due to the CH bending modes mixed with some other modes, probably the 


I. Introduction 
IN THE analysis of the infrared spectra of some vinyl polymers, assignment of the 
vibrational modes involving the tertiary CH group is quite uncertain. These modes 
ire the stretching »(CH), the along-the-chain bending 46,(CH), and the across-the 
chain bending 6,(CH). This problem can be attacked by investigating the infrared 


spectra of the vinyl! polymers deuterated in the z-position. In the present work the 


infrared spectra of the polymers CH,CH-_) and (--CH,CD-_) were studied in 


CN CN 
order to identify the absorption bands connected with the vibrational frequencies 
of the tertiary CH and CD groups 


II. Experimental 

The polymers used in this work were polymerized ||| from the monomers 
CH, -CHON and CH, -CDCN. Film samples of these polymers were made by hot- 
pressing the powders at sat \ film of z-deutero polvacrylonitrile was also pre- 
pared by evaporation of a dimethylformamide solution. The solvent was removed 
from the film by boiling it in water for 2 or 3 hr. ‘This film could be oriented by 
rolling it at room temperature. 

The spectra of the hot presse d film s rimples were observed with a Perkin-Elmer 
model 221G spectrometer and are shown in Fig. |. The spectra of these samples in 
the 3-” region also were observed using a Perkin-Elmer model 112 spectrometer 
with a LiF prism. The polarized spectrum of an oriented film of z-deutero poly- 
acrylonitrile was observed using silver chloride polarizers with both Perkin-Elmer 
model 221G and model 21 spectrometers. (The polarized spectrum of polyacrylo- 
nitrile has been reported [2].) It was noted that when the polarizer was rotated, as 
is the usual procedure for a narrow strip of stretched film sample, false perpendicular 


polarization was observed with the 221G spectrometer in the region from 1430 to 


VM. THomas and. CUS. Pat. 2626046 (1953 


is. olymer Set, 91, 513 (1958 
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about 1800 cm~!. The false polarization is introduced by the polarization character- 
istics of the grating itself. (For this reason, it is suggested that the grating-prism 
change-over be set to occur at 1800 cm”! rather than 1430 em-1.) 


Transmittance, 


Fig. 1. Infrared spectra of polyacrylonitrile (solid curve) and x-deutero polyacrylonitrile 
(dotted curve). 


Table 1. Tertiary CH and CD vibrational frequencies (em~') in 
polyacrylonitrile and x-deutero polyacrylonitrile 


OL. CH CD pol. Assignment 
17 
96] 2927 Stretching 


1252 Along-the-chain bending 
\cross-the-chain bending 


III. Discussion 
The frequencies and assignments are given in Table 1. The shoulder near 2927 
em! in the spectrum of polyacrylonitrile is most probably the tertiary CH stretching 


frequency and is probably perpendicularly polarized [2]. This shoulder disappears 


in the spectrum of z-deutero polyacrylonitrile. Instead a band near 2170 cm~ is 
observed. This band can be assigned to the CD stretching frequency. The ratio of 
2927 to 2170 is about 1-35, as expected. The polarization of the 2170 em~! band is 
not determined, because of its weak intensity. 

Recently [3], in the study of the infrared spectra of polypropylene and poly 
(propylene-2-d), the tertiary CH stretching band was found at 2920 em~! and the 
corresponding CD band at 2153 em~!. These values are very close to those observed 
in the present case. 

‘The weak band at 2810 em~! cannot be the tertiary CH stretching frequency, 
since there is no band in the region near 2080 em~! in the spectrum of «-deutero 
polyacrylonitrile. The 2810 cm~! band may be considered to remain in the spectrum 
but its position shifts slightly (to 2790em~') on deuteration. Furthermore, the 
2810 cm~! band can be readily interpreted as the combination of the two strong 
bands near 1447 and 1365 em™. 


3) C. Y. Liane, M. R. Lyrrown and C, J. Boone, J. Polymer Sei. 47, 139 (1960 
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The 1252 em~' band may be assigned to the bending mode 6 (CH). This band is 


not observed in the spectrum of the deuterated polymer. The corresponding CD 
1 


bending frequency may be associated with the band either near 895 or 1020 cm 
Since the polarization of the band at 1252 em~' was found to be parallel [2] the 
corresponding band in the deuterated polymer should also be parallel. From the 
polarized spectrum of x-deutero polyacrylonitrile, the following band polarizations 
were observed: 1187( | ), 1096( ), 1020(\)) and 895( |). Because of its parallel 
polarization, the 1020 cm~! band is chosen for the bending frequency associated 


CN 


(b) 


Fig. 2. Approximate CH bending modes of polyacrylonitrile: (a) mixed 4)(CH) and CH, 
twisting modes; (b) mixed 1 CH) and CH, rocking modes. 


with the 6. (CD) mode. The ratio of 1252 to 1020 is about 1-23 which is somewhat 
lower than expected. This low value may imply, however, that the 1252 em~ band 
is only partly associated with the CH group vibration. In other words, the 6, (CH) 
mode is mixed with the vibrational mode of some other chemical group which is 
most probably the twisting mode of the CH, group. Approximate vibrational 
patterns of these mixed modes are shown in Fig. 2. 

The CH, twisting frequency was assigned [2] to the shoulder near 1230 em~!. In 
the spectrum of z-deutero polyacrylonitrile, no band was observed near this position. 
One therefore may assume that the 1230 cm~! band in the spectrum of polyacrylo- 
nitrile is the frequency of the CH, twisting mode mixed with the 6 (CH) mode. When 
the 1252 em~! band is removed on deuteration, the intensity of the 1230 em band 
diminishes. 

The previous assignment [2] of the weak band at 1320 em~ to the 6,(CH) mode 
is not confirmed by the expected frequency shift in the spectrum of the deuterated 
polymer. An alternate assignment for the 1320 cm~ band is to a combination of 
the two perpendicular bands [2] near 532 and 780 cm~!. The observed perpendicular 
polarization is in accordance with the C,, factor group selection rule for a linear chain 
of polyacrylonitrile. 

It seems quite likely that the perpendicular band at 1075 cm~! can be assigned 
to the 6,(CH) mode. This band does not appear in the spectrum of «-deutero 
polyacrylonitrile. The corresponding CD bending frequency may be associated 
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with the band at 895 em-'. The ratio of 1075 to 895 is about 1-20. This low value 
may imply that the 1075 em~! band is mixed with some other mode and the vibra- 
tional energy is not localized in the CH bending motion. As discussed later in this 
report, the 6,(CH) mode is quite likely to be mixed with the CH, rocking mode. 
Approximate vibrational patterns of these mixed modes are shown in Fig. 2. 

The 1075 em-! band was formerly assigned to the skeletal mode »_(0). Since 
this band now can be more reasonably interpreted, the skeletal frequency associated 
with the vy (0) mode must be reassigned. Tentatively, the band near 1040 em~ is 
interpreted asdue to ther (0) mode. It wassuggested |2| that the other skeletal mode 
vy (Il) is associated with the shoulder near 1115 em~! in the spectrum of polyacrylo- 
nitrile. In the spectrum of z-deutero polyacrylonitrile, this mode could be assoc- 
iated with the parallel band near 1096 em~?. 

An intense perpendicular band was observed at 1187cm~' in the spectrum of 
the z-deutero polyacrylonitrile. In the spectrum of polyacrylonitrile, there is only 
a shoulder near this frequency. The assignment {2] of this shoulder to a triple 
combination band was very tentative. Ifthe 1187 em! band in the spectrum of the 
deuterated polymer is assumed to be the counterpart of the shoulder in that of the 
undeuterated polymer, then this band should be considered a fundamental fre- 
quency. A likely assignment for this band is to the CH, rocking mode. (This 
assignment is very tentative. Further work is required to establish the vibrational 
nature of the 1187 em~! band.) One may also assume that the CH, rocking mode is 
to some extent mixed with the 4,(CH) mode. As shown in Fig. 2, the first mode is 
supposed to be associated with the intense 1075 em~! band; the second mode with 
the 1187 em~! band. In the spectrum of the z-deutero polymer, the 1187 em~! band 
hecomes more intense since this band now may represent the CH, rocking mode 
which is to a lesser extent coupled with some other mode. 


IV. Conclusion 

In the infrared spectrum of polyacrylonitrile, the tertiary CH stretching fre- 
quency is found at 2927 em~! rather than at 2810 em~'. The 6,)(CH) and 6,(CH) 
modes appear to be associated with the bands at 1252 and 1075 em |, respectively. 
Both of these modes were found to be mixed with other modes. The intensities of 
the 1252 and 1075 em~! bands were found to be enhanced through mixing. 

If one wishes to identify the tertiary CH vibrational frequencies for viny! 
polymers, the spectra of the corresponding z-deutero polymers must be observed 
and studied. Otherwise, misleading assignments are very apt to be made. In this 
connection, study of the spectra of vinyl polymers which are deuterated in the 
methylene groups would also be helpful. 
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A low-voltage pulsed discharge in vacuum, for obtaining spectra 


F. Z. Pepos, Sventitrski and Z. |. SHLEPKOVA 


Academy of Sciences, Moscow 
(Received 5 July 1960 and translated from the Russian) 


Abstract To overcome the well-known difficulties which arise out of the choice of vacuum 
sources of line spectra, the use of a low-voltage, pulsed discharge with “separate” supply is 
suggested. 


Lines of highly ionized atoms, e.g. OV, have been observed using this method. 


Tue choice of vacuum sources of line spectra is comparatively small. The “hot 
spark” | 1] is used most of all, but, in order to maintain it, a comparatively compli- 
cated high-voltage apparatus is needed. Considerable interest has been shown in 
the “sliding” spark |2], which is produced on contact of the electrodes with a 
semiconductor or dielectric. However, it is not always possible to introduce a 
foreign substance into the discharge. 

Having taken into account the simplicity of the low-voltage light source, it 
would be interesting to try to obtain a discharge in vacuo, using the principle of 
“separate supply’ [3]. Experiments carried out by the authors have shown this to 
he possible. 

A pulsed spark was produced without any difficulty, on the introduction of an 
insulator into the interelectrode space, e.g. a porcelain disk, on which the high- 
frequency spark slid. However, in addition to the spectra of the electrodes, spectra 
due to the insulating disk appeared. It was also possible to excite a discharge 
without the introduction of the porcelain disk, if the usual high-frequency a.c. are 
generator was used. but only for small interelectrode distances (approx. 0-2 mm). 
‘The discharge could not be obtained repeatedly without changing the electrodes, 
hecause of the increase in interelectrode distance after a strong pulse. 

However, the use of a striker electrode (Fig. 1) [4] allowed a discharge to be 
obtained at interelectrode distances of greater than 5 mm, and to be frequently 
repeated using the same electrodes. The arrangement (a) (Fig. 1) is convenient when 
one of the electrodes has a flat surface of fairly large dimensions. If both electrodes 
have the same diameter, then the striker electrode can be conveniently situated as 
shown in Fig. l(b). Electrode (4) can be either carbon or metal. 

A low-voltage pulse generator was built, according to the scheme shown in Fig. 
2. for maintaining the discharge. 

The experiments were carried out at 10 4 to 10-° mm Hg, and the spark pulse 
was obtained from a battery of condensers which had a capacity of from 5 to 50,000 
uF. The discharge began near the striker electrode (4) (Fig. 1), and jumped into the 


1} R. A. MILuikan, Astrophys. J. §2, 47 (1920 

2) J. Romanp, G. BaLLorrer and B. Vopar, Spectrochim. Acta 11, 268 (1957). 

3! N.S. Sventirski, Zavodskaya. Lab. 18, 1322 (1952). 

4| F. Z. Pepos and N. 8. Sventitskt, Optika i Spectroscopiya 4, 407; 5, 706 (1958). 
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fr U 


(a) (b) 


\rrangement of the electrodes. (1) and (2), the electrodes proper; 
(3) a resistance; (4) the striker electrode. 


10 


Fig. 2. Diagram of the low-voltage pulse generator. (1) switch; (2) automobile ignition 

cou; (3) 50 pF, 30 kV condenser; (4) discharger; (5) 10 «4H inductance; (6) test specimen; 

(7) vacuum vessel; (8) voltmeter; (9) condenser battery of up to 50,000 nF; (10) 200 kQ, 
SW resistance; (11) 10 wF, 400 V condenser 


region (1)-(2), but the basic part of the energy was released in this latter area. 
This could be seen from examination of the damage done to the electrodes, which 
was most noticeable near the electrodes proper, but hardly noticeable at all near 
the striker (Fig. 3). 

On obtaining spectra from a high-capacity discharge (approximately 50,000 
uF) by means of a vacuum spectrograph (type DFS-6 [5]) it was observed that the 
electrodes were very badly damaged, and that there was a noticeable deposit of 
metal on the slits of the spectrograph. Hence it was more expedient to use a less 
intense spark (from 5000 to 8000 vF), but to repeat it many times (from 100 to 200 
times). The spark was repeated a known number of times automatically, and at a 
constant voltage. To this end, a stabilized voltage supply, relay and pulse counter 
were introduced into the generator. 


5| V. K. Proxortev, Jzvest. Akad. Nauk S.S.S.R. Ser. Fiz. 18, No. 6, 643 (1954). 
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An examination of the spectra obtained in the visible, u.v. and far u.v. regions. 
shows that the vacuum discharge just described, is a simple and convenient source 


of light. Less background is obtained in a vacuum discharge than in an air dis- 
charge: the resonance lines Cul 3247 and Cul 3274 do not show self-reversal as is 
the case in the spectrum from a discharge in air; also the lines Culll and Cull are 
more intense in the vacuum discharge than in the corresponding air one. 

The spectra of different substances in the vacuum region, as obtained on the 
DFS-6, have shown the presence of lines of highly ionized atoms, e.g. CII-CIV, 
TILL-TiLV. SilL-SiILV, SIL-SV, ete. 

The experiments carried out show that a low-voltage, pulsed vacuum discharge 
can serve as a light source for different spectroscopic problems. 


4 

: 

17 

1906 

2 


Fig. 3. The effect of a vacuum discharge on the surfaces of a steel specimen (« 20). 
( 20,000 wk, 280 V, p mm Hg, ten pulses, 
(a) Cathode surface. 
(b) Anode surface. 
(c) The part of the cathode near the striker electrode. 
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RESEARCH NOTE 


Variable internal standard calibration 


(Received 23 January 1961) 


In A recent note, CALDER [1| describes how statistical procedures can be applied to increase 
the reliability of analytical and correction curves in the variable internal standard method. 
Using sets of standard mixtures, each set differing only in internal standard concentration, 
the correction curve is drawn as the differences between the mean log /,,//., for the set used 
in constructing the analytical curve and the mean log /,,//, values from the other sets, 


Table 1. Log intensity ratios (Y) from standard mixtures 


Set A B c D E F 
0-301 0-544 0-699 O-845 1-000 1-114 


0-068 0-310 0-464 ‘628 0-795 O-879 
0-410 0-186 0-005 ‘152 0-269 0-389 
0-928 0-652 0-538 “392 0-206 0-091 
1-405 1-166 1-010 ‘868 0-746 0-634 
1-909 1-685 1-537 “B95 1-198 1-092 


plotted against internal standard concentration ('g. /, is the intensity of the analytical 
line and /, the intensity of the internal standard line. 

The linear part analytical curve is established as the regression line of log /,,/Ig against 
log concentration of the analytical element, log Cy. 

In a subsequent note CALDER [2] describes improvements to this in which regression 
lines are calculated for each set and their slopes tested to show no significant differences. 
The analytical curve is then established as having the mean slope. In this same note it is 
also pointed out that by using log (', the correction curves also become linear with respect 
to log /7/1, over a certain range of Cy. Linear correction curves have been used in this 
laboratory for some years. 

It is clear that regression techniques could also be applied to constructing the correction 
curves but as log /,,//, is, over the range of C', and Cg being considered, a linear function of 
log (', and log Cg, the problem resolves to one of simple multiple regression. By using this 
technique equal weight is given in evaluation to each value of log 17/1, log Cy and log Cg. 
This is not the case when taking mean values of a number of individual slopes. In addition 
fewer calculations are necessary for the multiple regression than for six single regressions. 

The data in Table 1 will be used to demonstrate how analytical and correction curves 
are established by multiple regression. 

The slope of the regression line of Y on X,, independent of X,, is given by 


A. B. CaLper, Spectroe him. Acta 15, (1950), 
[2] A. B. CALDER, Spectrochim. Acta 16, SUL (L060), 


7a—(4 pp.) 


X, log Cp 1-0 
. 15 
Ule 20 
17 2-5 
961 3-0 
— 
rus — 


Research Not« 


and the slope of the regression line of Y on X,, independent of X,, is given by 


— 
rei — (Xx,7,)* 


in which the terms represent the corrected sums of squares or products of the appropriate 


parameters, ¢.g. 


(UX,)* 


N 


N being the number of X, values 
Using sets of standard sam ples of the type illustrated in Table |, the value of (X1,2,) 
becomes 0, and the two slopes can be obtained from the simpler functions 


(Lary) 
riz 
The equation for the multiple regression line is then 
> byyg — 4) + Oy — 4%) 


in which ¥, 7, and ¥, are the means of the Y,, A, and AX, values, respectively. 
Using the data in Table |, the regression equation becomes 


) 20) — O-9067(X, 


which simplifies to 


) 


AX, — (1) 


or 


The values of the slopes of the single regression lines for analytical and correction 


curves are calculated as 


Analytical curve Correction curve 


slope 


Set 4 low ¢ r LOLS7 
5 00-9871 
10132 2-5 00-9426 
30 10130 


Mean 0-9986 Mean 00-9945 


It can be seen that the dependence of log /,//, on log Cy in multiple regression is the 
same as the mean of single regressions due to the latter showing no wide discrepancies. 
For the correction curve, however, the multiple regression gives a higher value as a result 
of less weight being placed on the value 0-426 for log Cp = 2-5 than in the case for the 


mean of the individual regressions 
Accepting a value of log Cy = 0-699 (e.g. 5 per cent Fe,O,) for the analytical curve, 


this has the equation 


Y = 0-086 X, — 14750 


and can be drawn through the points obtained for Y by inserting log (7(X,) = 1-0 and 


3-0 in this equation 


Y(X,? 
— 
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Points for the correction curve are obtained by taking X, = 0-301 and 1-114 and 
X, = 1-0 and subtracting from the resultant Y values, the Y value used for the analytical 
curve with X, = 1-0 and X, = 0-609. Identical values would be obtained if X, = 3-0 
were used, 

Also in his second note Calder derives an equation for the evaluation of log C', from a 
log 1/1, value without recourse to graphical means. In so doing he assumes the slopes of 
analytical and correction curves to be unity. He gives the equation 


' ly 
+ log + log (=) 


log ('» (log ‘| 
7 on 


Set 
where is the value of when log = 0. 

If this assumption regarding the slope is made then sets of standard mixtures are no 
longer necessary over this range of C, and ('y. It is obvious that (log C,/C yg). ¢ in equation 
2) is a constant and the equation can be written 


X,=K+%X,+ (3) 
that is log Cp = K + log Cg + log Ip/Tg (3a) 


This equation is merely a rearrangement of the multiple regression equation (1) putting 
and by, , to unity. 

Hence all that is required to evaluate A in either equation (2) or (3) is a single mixture 
with known values of (', and C', for which the value of log /,//., is obtained. Having then 
established A, routine analysis is effected by determining the log /,//., value ( Y) and the log 
(', value (X,) by the independent method to give the result for log C, (X,). Standard 
mixtures are necessary, however, to establish the shape of any toe or shoulder to the curve, 
to define the limits of the linear portion and to establish whether in fact the slopes are close 
to unity. 

While it is probable that the slopes of analytical and correction curves will not differ 
significantly from unity when medium to high concentrations are being determined or 
when background correction is employed, it is considered that slopes should be tested for 
any departure from unity. This is particularly necessary at low concentrations and when 
background correction is not employed. 

In multiple regression, the variance of the two slopes is obtained from the expressions 


and 
(8.2), ~ by — bye ?) 


To test whether the slopes differ significantly is achieved by evaluating 


l — by, . l — bp, 
ty and t, 
and referring these values to a table of the distribution of t with N — 2 degrees of freedom. 


In the general case when slopes are not unity, equation (1) can be re-written 
K + by,, X,+Y 
byis 


K, log Cg Ky log 17/1 
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where A,, AK, and K, are constants. This equation can then be used for the evaluation of 
(', without involving graphical procedures. 

It is believed that the treatments described above can be of value if a logical sequence 
is followed. First it is necessary to establish the range of C, and C’,g over which the log /7//.,: 
log © relationship is linear, before applying regression techniques. Secondly, when re- 
gression techniques have been used, it should be demonstrated that slopes do not differ 
significantly from unity when equation (3a) can be used. If the slopes differ from unity 
then the more general equation (4) is applicable. 

G. T. CHAMBERLAIN 

East African Agriculture and Forestry 

Research Organisation 


P.O. Box 21, Kikuyu, Kenya 
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BOOK REVIEWS 


C. G. CANNON (Editor): Electronics for Spectroscopists. Interscience, New York, 1960. 333 pp., 
$9.50. 


THe book represents the proceedings of a summer-school course given by the Photoelectric 
Spectrometry Group in collaboration with the staff of the Electronics Department of Southamp 
ton University. The text represents a compilation of various design considerations as applied 
to the electronic problems in spectroscopy. The first six chapters cover basic alternating current 
theory, RC-coupled amplifier design, negative feedback characteristics, and other circuitry 
which is most often used in the design of electronic devices for spectrographic and spectrophoto 
metric instruments. Later chapters cover noise theory and detailed analyses of the characteris 
ties of detectors and amplifier systems as used in spectrometry. A chapter is included on the 
optical properties of monochromators and polarized-beam techniques in infrared spectro 
photometry. 

Although the book certainly represents a rather complete compilation of electronic design 
theory, the title is somewhat of a misnomer in that the level of the book is better suited for the 
electronic engineer as review material, rather than as an aidtoa spectroscopist who might have a 
background in a field other than electronics. The Editor's preface refers to the book as a means 
of educating the operator of a modern spectrometer so that he will not be frightened with the 
array of valves and other components” when he looks behind the control panel, The text, 
however, is very heavily theoretical in treatment and, although it is excellent review for an 
electrical engineer, it certainly represents a difficult book to read for the uninitiated in electronics 
Particularly annoying throughout the text is the use of symbols which are not defined adequately 
This requires continual rereading of former pages in order to follow the text without difficulty. 

In summary, the book contains a number of excellent theoretical discussions on electron 
circuitry as applied to spectrographic instrumentation. It is not recommended, however, as an 
elementary text in electronics for the spectroscopist who has had little electronic training. It 
does represent an important compilation of design characteristics for the electronic engineet! 
who wants to know more about the specific design problems associated with spectroscopy, 


instrumentation. 
Watt DONNER 


CrourTHame. (Editor): Applied Gamma-Ray Spectrometry. !’ergamon New York, 
1960, 443 pp., $6.50. 


THE application of radioactivity to the solution of analytical problems Is steadily increasing, 
particularly in the atomic energy industry, but also in other areas, through the use of activation 
analysis. In the latter method, substances are made radioactive, usually by neutron irradiation 
in a reactor, and the radioactivity is determined quantitatively in comparison to standards. 
The usefulness of the method in the past has been hampered by the fact that it has not been 
highly selective. Most elements are activated by neutrons, and methods of characterizing the 
species have either been tedious or not sufficiently definitive. Chemical separation to characterize 
the element being determined is time consuming; identification of the emitter by its half-life 
may be even more so. Characterization of the emitter by the energy of the emitted radiation 


using absorption measurements is only qualitative and other methods of identification of the 


emitted radiation have not had adequate sensitivity. 
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The development of scintillation spectrometry for the identification of gamma radiation has 
put the whole subject in a new and more favorable position for application to analytical problems. 
The seintillation erystal coupled with a photomultiplier tube provides a sensitive method for 
detecting gamma radiation and, most importantly, the detector produces an output pulse 
which is proportional to the energy of the incident radiation. Thus the radiation from gamma 
emitters can be obtained as a spectrum with high sensitivity and reasonable resolution. The use 
ofa multichannel analyzer to sort the pulses according to size and record them is almost essential 
for the application of the method. However, applications to some problems can be made with 
a much less expensive single-channel analyzer in which an automatic scanning device is 
incorporated. 

Because of its applications to the problems associated with the atomic energy program itself, 
the greatest development of this analytical method has been in the laboratories of the Atomic 
Energy Commission and in particular at the Argonne National Laboratory. Dr. CrouTHAMEL 
ind his co-workers at Argonne have pioneered in the field and have in this book shown how the 
science of gamma-ray spectrometry can be applied to analysis. The results of their program 
ire presented in succinct fashion so that the method can be applied by other laboratories. 

The book is divided into four chapters and as many appendices. The intrinsic variables 
associated with gamma-ray decay of radioactive species and the interactions of the radiation 
with matter are discussed in the first chapter. The problems of experimental apparatus, arrange- 
ments and cireuitry and of calibrating the equipment are presented very thoroughly in the 
second and third chapters. Much of this is in sufficient detail to be used as a guide book in 
setting up a counting laboratory. In addition to seintillation counting, apparatus is described 
in which low-energy gamma-rays and the characteristic X-rays which follow many nuclear 
processes can be utilized for quantitative analysis through the use of gas-filled proportional 
counters. The fourth chapter presents a number of applications, particularly to activation 
inalvsis. This is of great value in showing in some detail how the method has been and can be 
applied to analytical problems 

rhe appendices occupy almost two thirds of the book’s pages. After a listing of the character- 
istic X-ray energies of the elements in Appendix I, the major part of this section, Appendix IT, 
s devoted to graphs of the observed gamma-ray spectra of many nuclides from beryllium-7 to 
americium-241. In many cases more than one spectrum is recorded showing results obtained 
vith different geometries. In all, 135 isotopes of 75 elements are included, representing most of 
the gamma emitters which have reasonable half-lives and production methods. Appendix III 
contains tables of data on the intrinsic efficiency of sodium iodide crystals of various sizes as 
functions of the energy of the radiation and the distance between source and erystal. Appendix 
IV contains sets of machine listings of the known nuclides by photon energies, atomic numbers 
and half-lives. These tables are designed for easy reference and identification of unknown 
activities 
Indexing of the book is not very thorough, which can be seen from the fact that the index 


to the complete volume occupies one page. The gamma-ray spectra presented in Appendix II 
are given in order of atomic number, and there is no listing in any other order to help those who 
may not be familiar with the periodic table to find the spectrum of interest. However, the listing 
by photon energies in Appendix IV will probably be useful for this purpose. The documentation 
of the book is quite adequate, with references totaling about 250 scattered through the text. 

The book is an excellent source of information on this new and very different field of spectrom- 
etry. It is recommended reading for anyone contemplating setting up such a laboratory. The 
necessary equipment is not inexpensive, and the cost of such a laboratory can be appreciated 
by pricing the various items described in the chapters on equipment. However, new pulse-height 
analyzers using transistor circuitry are now on the market which are considerably less expensive 
then the vacuum-tube models available earlier. In addition, they require much less power, put 
out less heat and occupy a fraction of the space of the vacuum-tube instruments. The uses and 
advantages of gamma-ray spectrometric analysis are clearly stated in this book; it remains for 
the reader to decide whether the problems it would solve for him justify the expense. 


A. F. Vorer 
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Infra-red Wavenumber Tables. Butterworths, London, 1961. (A [IUPAC Publication.) 180 pp.. 
40s. 


EVERYONE who uses an infra-red spectrometer requires to establish or to check its wavelength 
calibration. Many workers, indeed, should check it more often than they do. Over the past 
years, a number of convenient secondary standards have come to be used for this purpose 
These include, for example, some absorption lines in the vibration-rotation bands of simple 
common gases, or the main vibrational peaks of solid polymers. There still remains, however, a 
degree of non-uniformity among different laboratories, arising in part from small differences in 
the values adopted for particular standards, and also in part since the instrumental conditions of 
measurement are often not taken into account in the calibration operation. 

The Molecular Spectroscopy Commission of the International Union of Pure and Applied 
Chemistry has done all spectroscopists a valuable service by bringing together, in a concise 
collected little volume, carefully evaluated sets of standard wavenumbers for use in the range 
4000-600 em~!. The members of the Commission are internationally known spectroscopists 
from ten different countries and they have made an authoritative and critical examination of all 
the relevant data. The report is in two parts. The first deals with calibration standards for 
grating spectrometers of high resolving power. These include atomic emission lines of inert gases 
or mercury, in ares of hollow-cathode tubes, and rotation lines in vibration bands of simple gases. 
Details are given for the conversion of wavelengths in air to wavenumbers in vacuo, and a brief 


explanation is given of the effect of pressure, temperature and other factors. An accuracy of 


0-01 em~! is the aim, but in each case an estimate of the uncertainty is stated. 

The second part of the report applies to prism spectrometers or small grating instruments, of 
resolution 0-5-10 em~!. In all, the compilation includes fifty-nine charts and their associated 
tables of standard line positions. At the end, sets of figures are reproduced in a condensed form, 
so that it is possible at a glance to decide the best calibrant for any given spectral region 

This book, which is offered at a very modest price, should find a place in all infra-red labora 
tories of any kind as the accepted reference work for many vears to come. 
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PUBLISHER’S ANNOUNCEMENT 
Special Subscription Rate for Students 


THe publishers are pleased to announce a special Students’ Rate for Spectrochimica 
Acta. Bona fide students will be able to obtain the Journal for €3.10.0. (U.S.A. 
$10) per annum. This offer is intended to encourage young people to follow the 
latest literature and to start building their personal libraries. 

Students wishing to take advantage of this special subscription rate should send 
their application, with their remittance, to the Subscriptions Department of either 
the Oxford or New York Office of Pergamon Press (addresses are given on the 
inside cover of the Journal). The application should be accompanied by a brief note 
from their professor or tutor to the effect that the individual is a bona fide student. 


Photoelectric Spectrometry Group Test on recording 
spectrophotometers 


THe Photoelectric Spectrometry Group is organizing a Collaborative Test on 
commercially available recording ultraviolet spectrophotometers which will be 
based, as far as possible, on the successful test on manually operated instruments 


that was reported in the Photoelectric Spectrometry Group Bulletin No. 4, 1951. A 
pilot run to establish the conditions of the test has been successfully conducted on 
approximately ten instruments of five different makes. It is hoped that as many 
separate examples of all commercially available instruments can be included in the 
full-scale test, which it is expected will be initiated in October of this year. Sample 
solutions will be supplied to those who agree to enter the test and they will be asked 
to run spectra (a) under pre-determined instrumental conditions (b) under their 
own preferred conditions. The analysis of the results of the test will be published 


in the Group Bulletin. 

Anyone who would like to enter a Recording Ultraviolet instrument is invited 
to contact the Hon. Secretary: K. A. Macponatp, Unicam Instruments Ltd.. 
Arbury Works, Cambridge. 
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The electronic effect on the intramolecular hydrogen bonding in 
a-aryloxypropionic and a-aryloxyisobutyric acids* 


Micuinort Oxt and Mrnoru Hirota 
Department of Chemistry, Faculty of Science, The University of Tokyo 


Bunkyo-ku, Tokyo, Japan 


(Received 1 February 1961) 


Abstract 


fatty acids was investigated. The cis orientation is stable unless strongly electron-repelling 


The stability conditions for cis and trans intramolecular bonding among «-aryloxy 


substituents are present. 


Ir 1s accepted [2] that the structure of the carboxyl group in carboxylic acid is 
represented by a dimer structure (III) due to the hydrogen bonding between the 
hydroxyl and the carbony! groups. Besides, data from the electron diffraction and 
3, 4] show that the monomeric acid and the ester 


the dipole moment measurement 
take a cis-structure (I).t 
However, the authors have found that the cis-structure is not always retained 
when a proton-accepting atom is located at the «-position, as in methoxyacetic and 
phenoxyacetic acids, and a part or majority of the molecules take a trans-structure 
[2] (11) due to the hydrogen bonding formation. An example of this type of hydro- 
gen bonding has been found with o-methoxybenzoie acid in literature [5] but a 
systematic study is lacking. The authors [6] measured the »v,_, and the »,_, 
spectra of «-keto-acids such as pyruvic acid, monomethyl oxalate, alkoxy- and 
aryloxy-acetic acids and the relating compounds in carbon tetrachloride solution 
and found that (i) carboxylic acids which possess an oxygen atom at the «-position 
show the absorption at 3480-3400 cm~' in addition to the monomeric r,,_,, absorp- 


tion at ca. 3525 em and at ca. 1790 em in addition to the monomeric 


O 


(11) (111) 


¥~9 absorption at ca. 1760 em and (ii) the band at ca. 1790 em~! disappears on 
esterification [6]. The above data, and the measurement with the variable 


* Preceding paper 
+ Nomenclature of cis- and trans- structures is due to the book written by Smytu [4]. 


fl] M. Oxt and M. Hrrora, Bull. Chem. Soc. Japan 34, 378 (1961). 

[2] M. Davies and O. Tuomas, Discussions Faraday Soc. 9, 335 (1950). 

[3] P. W. ALLEN and L. E. Surron, Acta Cryst. 3, 46 (1950). 

[4] C. P. Smytu, Dielectric Behavior and Structure pp. 305-307. McGraw-Hill, New York (1955). 

[5] D. Pevrrer and A, Picnevin, Bull. soc. chim. France 1141 (1960). 

(6) M. Oxtand M. Hrrora, Bull. Chem. Soc. Japan 38, 119 (1960); 34, 374 (1961); Nippon Kagaku Zasshi 


81, 855 (1960) (in Japanese). 
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concentrations which indicates the band should be attributed to the monomeric 
form, enable the authors to assign the band as shown in Table 1. 

If the above assignment is correct, it is expected that, if the substituent in the 
aromatic ring enriches the electron density on the oxygen atom, the substituent 
favours the hydrogen bonding formation, and the electronic effect of the substituent 
should give the same tendencies to the vp, and the »,_, absorptions. It was 
reported previously [1] that the electron-repelling substituent favours the hydrogen 


Table 1. The assignment of the bands 


cis-Structure (1) trans-Structure (IT) Dimer 


3525 34580-3400 3300-2500 
1760 1790 1730-1680 


bonding formation in aryloxyacetic acids. In this paper, results with «-aryloxy- 
propionic acids and «-aryloxyisobutyric acids will be discussed in comparison with 
the results obtained with aryloxyacetic acids. 


Experimental 
Syntheses of materials 
1. a-Arylorypropionic acids. An aqueous solution of equimolar amounts of 
sodium aryloxide and sodium «-bromopropionate was heated 1—2 hr after the exo- 
thermic reaction had ceased. The solution was cooled and acidified. The organic 
materials were taken up in ether and the carboxylic acid was extracted with aqueous 
sodium bicarbonate. The acid was recrystallized from the appropriate solvent. The 
melting points and the analytical data of the new compounds are listed in Table 2. 
Other compounds are known and their physical constants agree with those reported. 
2. «-Aryloxyisobutyric acids. These acids were prepared through either of the 
following two methods. The method (A) was described by Biscnorr [7] and was 
successfully used for several of the compounds. Those which failed to be synthesized 
through method (A) were prepared by method (B). 
A) Dry sodium aryloxide and a little excess of ethyl «-bromoisobutyrate were 
heated at 160°C for 4 hr, cooled and the ester was hydrolysed with sodium hydroxide 
in aqueous ethanol to produce the corresponding acid. The acid was purified as for 


z-arvioxypropionic acid. 


‘Toa sodium ethoxide solution prepared from 23 g of sodium and 400-500 ml 


of absolute ethanol 2 moles ol the substituted phenol was added followed by l mole 
of ethy! «-bromoisobutyrate in 200 ml of ethanol, during which time the mixture 
boiled gently. The mixture was refluxed for 2 hr with stirring and most of the 
solvent was evaporated. The residue was taken up in ether and washed with 
aqueous alkali. After drying over sodium sulphate, the ester was distilled and 
hydrolysed to give the acid. The new compounds are also listed in Table 2. 


Me asurement of the spe clra 
The spectra were recorded with a Perkin-Elmer 112G grating infra-red spectro- 
photometer and spectral slit widths 1-0 em~! and 0-6 em~ for and regions, 


[7] C. A, Buscnorr, Ber. deut. chem. Ges. 33, 931 (1900). 
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Table 2. «-Aryloxypropionic and «-aryloxyisobutyric acids 


} 


m.p. C(%) H(°%) 


(°C) Found Caled. Found Caled. 


C,H,CH,O 133-134 70-59 70-57 5-95 5-92 
CH,0 93-94 61-42 61-22 6°33 
Br 110-5 44°34 44-08 3-68 
C,H,CH,O 1H, 136-137 71-15 71-33 6-29 
CH, ‘H, 74 67-90 68-04 
Br 67 46-52 46-32 


-2 


respectively. The measurement was carried out in carbon tetrachloride solution 
with the concentration less than 0-002 mole/l. in the v,_,, region and less than 
0-0005 mole/l. in the v-_» region at 20-25°C. The apparent absorption curves were 
assumed to be the overlap of Lorentzian curves and separated into the individual 
absorption. The integrated intensities (4) were computed from the equation [8] 


A 2-303 » log < Ay" 
2 el max 
Since the measurements were carried out under the conditions which gave less 
spectral slit widths than one-tenth of the half-band widths, the application of the 
equation is plausible. 


Results and discussion 

The vo_y, data with various x-aryloxypropionic acids are shown in Table 3. 
The vo_», and the »,_, data with x-aryloxyisobutyric acids are also listedin Tables 
4 and 5, respectively. Suffixes c and ¢ in these tables indicate the absorption due 
to the cis- and the trans-form, respectively. 

In comparing the electronic effect of the substituent with the ease of hydrogen 
bonding formation, the latter may be represented by the equilibrium constant K 
between the two structures (IV) and (V), of the monomeric acids as shown in 
equation (1) 


H 
(V) 

The equilibrium constant can be related to the ratio of the two integrated 
intensities of the bands as in equation (2) and a constant @ can be regarded un- 
affected throughout a series of compounds. Thus the ease of hydrogen bonding 
formation is represented by log( At/Ac), where At and Ac are the integrated inten- 
sities due to the trans- and the cis-forms, respectively. 

K = [V]/{IV] = At/Ac 


[8] D. A. Ramsay, J. Am. Chem. Soc. 74, 72 (1952). 


585 


Pp 
m 
p 
4 
m 
L 
17 
CR‘R’—C CR’R’—C 
(1) 
ArO OoO—H ArO 
: 


=) 
PZ 
= 


youl ol } 


Hod 


(x) 


HOOOC HO) HDO' 


splov ouordoud xouoyd-x Pen jo uoljdiosqe 


| 
| >. 
iy 
| = 
= 
~ ~ ~ ~ ~ ~ 
~ 
| = 
| | 
= 
VOL. 
17 
on ae 196) 
| 
= 
=> = Zt-t-t-t- © 
| 
| 
| 
| 
| 
NEnSLSSS 
ER ERA | 
' 
586 


9¢-8 O-ZERE O-zEe 


| 


a 
a 

= 
5 
© 

oo 

= 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 


| | | 
| 
| 
| 
| 

Vie 
17 
96] 
| 
| 
| 
ee | 
225 oC 
ERR 
587 


ION 


On Mord 
P-POLI 


Hrrora 


669-0 


uly) 


& 
“ 
= 
= 


OD, 
“4 & & 
‘ 
4 
| 
| 
VOL. 
17 
Sa 
Secure 
& 
= 
+h 
om 
— @ t= t 
ee 
I ee 
& 
= 
| 
588 


The electronic effect on intramolecular hydrogen bonding 


On the other hand, the amount of the electronic effect of a substituent may be 
represented by the Hammett o-constant [9,10]. Since the o-constant has been 
successfully applied not only to various organic reactions but to NMR spectra [1 1] 
and hydrogen bonding in discussing the substituent effect, [12, 13] it may be also 
useful in the present phenomena, A linear relation may be expected between the 
o-constants and log(At/Ac) when the definition of the o-constant is taken into 


-0°4 -O-2 0 0-2 4 


constant 


Fig. 1. The relation between the o-constant and log(At/Ac). 


consideration. In Fig. 1 are shown relations between o and log(At/Ac) of aryloxy- 
acetic and «-aryloxypropionic acids in the v,_, region and in Fig. 2 o vs. log(At/Ac) 


of «-aryloxyisobutyric acids in the vp_,, and the »,._, regions. 

The results indicate that, in x-aryloxypropionic and «-aryloxyisobutyric acids 
as well as in aryloxyacetic acids, the higher the absolute values of the o-constant 
in minus, i.e. the more electron repelling the substituent, the stronger the band 
corresponding to the trans-structure. This may be interpreted from the electron 
transfer, as shown by a thick arrow in methoxy compound (V1), which facilitates 
the formation of the hydrogen bonding. On the contrary, the substituent of positive 
o-value gives smaller absorption due to the trans-structure, and the phenomena can 


[9] L. P. Hammert, J. Am. Chem. Soc. 59, 96 (1937). 
[10] H. H. Jarre, Chem. Revs. 58, 191 (1953). 
[11] H. 8. Gurowsky, D. W. McCatt, B. R. McGarvey and L. H. Meyer, J. Am. Chem. Soc. 74, 4809 
(1952). 
[12] M. Oxi and H. Iwamura, Bull. Chem. Soc. Japan $2, 955 (1959). 
[13] M. Oxr and K. Murat, Bull. Chem. Soc. Japan 38, 784 (1960). 
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Fig. 2. The relation between the o-constant and log(At/Ac). 


be attributed to the same origin. The electron transfer to the substituent, as shown 
by a thick arrow in bromo compound (VII), decreases the electron density on the 
oxygen atom and disfavours the hydrogen bonding formation. 


CH,O¢ —> )OCRR'COOH Br <— )OCRR’COOH 


(VI) (VII) 

The order of the ease of hydrogen bonding formation is just the contrary to the 
pK, values of phenols and in agreement with the basicity. This is quite natural, 
since a proton-accepting group is a base. 

It is also found that three straight lines obtained with aryloxyacetic, z-aryloxy- 
propionic and z-aryloxyisobutyric acids are almost parallel. This result will indicate 
that the electronic effect of the substituent is propagated to the ether oxygen but is 
negligible to the carboxyl group since it is separated by a methylene or other 
carbon-containing group. 

Two straight lines obtained with z-aryloxyisobutyric acids in the vp, and the 
Yoo regions are also parallel and enable us to deduce the following: (i) the assign- 
ment of the absorption bands to the cis- and the trans-structures as in Table 1 is 
justifiable; and (ii) the value a in equation (2) is different in the vj , and the r¢-_o 


590 


4} Ar OCHICH | 
= ‘ 
> 
| 
‘ 
SA. | 17 
196: 


The electronic effect on intramolecular hydrogen bonding 


regions but is constant in each region irrespective to the substituent. It would be 
still possible that the relation is linear, if the value a is a function and changes with 
log(At/Ac) in both rg_» and vp_ regions. But this is rather improbable. 

The o vs. At/Ac relations in the v~_, region of aryloxyacetic and z-aryloxy- 
propionic acids were also examined, as reported previously ; the »,._, bands of these 
compounds could not be separated as the Lorentzian curves because of the presence 
of other bands, but, qualitatively speaking, the same tendency with z-aryloxy- 
isobutyric acids was also found [1]. The esters, ethyl phenoxyacetate (1739-4 em-! 


@ constont 


Fig. 3. The relation between the o-constant and Arma x. 


and 1766-8 em~') and ethyl «-phenoxypropionate (1740-6 em~! and 1765-0 em~*), 
also show two v~_, bands and the similar bands may be present in the free acids to 
prohibit the quantitative discussion. 

The relation between the o-values and the difference ( Armax) of the two absorption 
maxima due to the cis- and the trans-structures in the v,__,, region is shown in Fig. 
3. The Armax value changes with the o-value, is greater when the substituent is 
electron repelling and is smaller when the substituent is electron withdrawing. Thus, 
when At/Ac is great, the Avmax value is also great. 

Since it is impossible to consider that O—H - - - O is linear in these compounds, 
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there is no simple relation between Avmax and the bond distance [14, 15]. However, 
At/Ac can be related with AH as in equation (4), when equation (3) derived from 
the van't Hoff’s equation and equation (2) are considered. 


1 AH AS 

TR  R 
1 AH AS 
At/Ac 
In (At/Ac) TR R In a) 


The steric effect in the molecules and the ring members of the hydrogen bonding 
formation are considered the same in every compound in the present study. There- 
fore, the second term of the right side of the equation (4) will be almost constant and 
there will be a proportional relation between In(At/Ac) and the bonding energy 
when the temperature is constant. This consideration and the linearity of the Avmax 
vs. o relation lead to the deduction that Avmax is proportional to the energy gain. 
But the constancy of the second term of the equation (4) must be further studied. 

In contrast to the vpo_», region, the difference (Avmax) of the two absorption 
maxima due to the cis- and the trans-structures in the carbonyl region is almost 
constant throughout a series of compounds and there is little difference among the 
series. This must be caused by the fact that: (i) absorptions due to carbonyl 
stretching do not shift so much as the O—H stretching absorptions; and (ii) the 


effect of the substituent is hardly propagated to the carboxyl group because of the 


presence of a methylene or other carbon-containing group. 

Above results indicate the correctness of the assignment shown in Table 1. It 
must be pointed out that the absorption due to the trans-form, which has the hydro- 
gen bonding between the oxygen atom at «-position and the carboxylic hydroxyl 
group, is situated at about 30 cm higher wavenumber than that due to the cis- 
form. ‘The shift corresponding to 30 em~ is too large to explain on the basis of the 
same force constant of the carbonyl group. Therefore it is natural to assume that 
in the cis-structure, an interaction like a four-membered ring hydrogen bonding is 
present as shown by structure (VIII), and the increasing contribution of the polar 
structure C*—QO- reduces the double-bond character of the carbonyl group to result 
in a smaller force constant. Although this assumption must be further investigated, 
there is some evidence to support structure (VIII). Namely, a carboxyl group 
usually takes the cis-structure unless an oxygen or nitrogen atom is situated at a 
suitable position, and the presence of a weak proton acceptor, such as alkylthio, * 
arylthio,* halogen,* and 7-electron [16] system at the «-position does not cause the 
presence of the frans-structure. These results indicate that the cis-structure is 


Unpublishe d data. 


14) R. E. Ruwpie and Parasor, J. Chem. Phys. 20, 1487 (1952). 
15} K. Nakamoro, M. Marcosnes and R. E. Runpie, J. Am. Chem. Soc. 77, 6840 (1955), 
16) H. Iwamura. Private communication. 


592 


: 
(4) 
VOL. 
17 
| | | 


The electronic effect on intramolecular hydrogen bonding 


stable and the stabilization energy may be attributed to the interaction such as 
hydrogen bonding. 
O 


(VIII) 


‘O—H 


Table 6. Hammett’s o-constants and the rg_, absorptions of substituted 
phenoxyacet ic acids | 1} 


Substituent 

(X) o-Constant (em-}) At/Ac 
m-NO, 0-710 3493-8 0-10 
m-Br- 0-391 22-1 3484-7 37-8 0-180 
p-Br 0-232 3494-0 0-386 
p-Cl 0-227 3492. 0-264 
m-CH,O 0-115 525- 3484: 0-426 
H 0 3526- 3487°: 0-484 
m-CH, —0-069 527° 3486: ‘8 0-698 
p-CH, —0-170 528°! 3484: 44°; 0-699 
p-CH,0 — 0-268 527: 3481+: 46-: 0-886 
p-C,H,CH,O 3527-6 3482-4 45:5 0-993 

a7 } Acknowledgements—The authors are grateful to Professor Y. Urusurpara for his guidance, and 


to Professor T. Sarmanovucui and Dr. I. NakaGawa for their advice and for permission to use the 
instrument. The authors are also indebted to Mr. H. Iwamura and Mr. K. Mutat for their 
encouraging discussions. 
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Raman spectra of the hexachloropalladate, hexachloroplatinate 
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Abstract—The complete Raman spectra of the ions PdCl,?~, PtCl,? ~ and PtBr,?~ in aqueous 
solution are observed, using excitation by the helium yellow and red lines. The spectra show 
differences from those previously reported for species of type XY, in which Y is a halogen atom 
and X an atom of a non-transition element. In particular, for the ions PdCl,*~, PtCl,?~ and 
PtBr,* ~ the intensity of the r, line (class e, stretching) is greater than that of the v, line (class 
a,, stretching), whereas for all XY, species previously studied the reverse is the case. It is 
suggested that this difference is probably connected with the presence in the transition metal 
complex ions of six non-bonding d-electrons in the shell which is involved in the bonding. 


Tue hexahalide anions of A-subgroup (transition) elements absorb light strongly in 
the blue and green regions of the visible, and consequently the customary mercury 
lines are unsuitable for the excitation of their Raman spectra. This paper describes 
the results obtained with excitation by the vellow and red helium lines. The complete 

taman spectra of PdCl,?~, PtC],?~ and PtBr,?~ are observed. As far as we are aware, 
these are the first A-subgroup hexahalide ions to have been studied by the Raman 
method. Their observed spectra show remarkable differences from those previously 
reported for XY, species in which Y is a halogen atom and X an atom of a non- 
transition element. 

Experimental 

Sodium hexachloroplatinate and hexachloropalladate were supplied by Johnson, 
Matthey and Co. Sodium hexabromoplatinate was prepared from the hexachloro- 
platinate in solution by repeated addition of aqueous hydrobromic acid and removal 
of chloride as HC] by evaporation to dryness. 

Light absorption curves of these salts in solution, which are relevant for the 
calculation of the optimum concentrations for Raman spectroscopy, are shown in 
Fig. 1. They were determined with a Unicam SP 600 spectrophotometer. 

The helium Raman source was similar to that described by STAMMREICH [1]. 
The a.c. helium lamp dissipated about 1 kW with a voltage drop of about 2000 V 
between the electrodes. The Raman vessel had a capacity of about 15 ml and was 
surrounded by a pre-filter consisting of a l-cm thickness of saturated aqueous 
potassium dichromate solution. The spectrograph was a Hilger E 612 two-prism 
instrument with F/5-7 camera, giving a reciprocal dispersion of approximately 
180 cm~! per mm in the region of He 5876 A and approximately 210 em in the 
region of He 6678 A. Spectra were photographed on Kodak Special Scientific plates, 
type Oa, F. 


[1] H. Stam™reticnu, Spectrochim. Acta 8, 41 (1956). 
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The principal exciting line used for PtCl,2- was He 5876 A: the spectra of 
PdCl,?~ and PtBr,?- were excited by He 6678 A. For PtCl,?- and PtBr,?- the 
appropriate optimum concentrations, calculated by the formula of Fisuer and 
Lirrincort [2], are greater than the solubilities of the sodium salts. In the present 
work a 0-8 M solution of Na,PtCl, in water and a 0-4 M solution of Na,PtBr, in 
0-4 M hydrobromic acid were successfully used. For PdCl,?~ the calculated optimum 
concentration for excitation by He 6678 A is approximately 0-5 M. The complete 


absorption 


Il 
No,Pd Cl, 


%o 


6000 


Wavelength, 


Fig. 1. Absorption curves of solutions. 
I. 0-5 M Na,PtCl, in water. 
II, 0-4 M Na,PtBr, in 0-4 M HBr. 
III. 0-4 M Na,PdCl, in 10 M HCl. 


Raman spectrum was obtained with a 0-2 M solution of Na,PdCl, in 5 M hydrochloric 


acid. 

The spectra of PtCl,?- and PtBr,?- were photographed in 15 and 30 min, 
respectively, using a spectrograph slit width of 0-05 mm. For PdCl,2- an exposure 
time of 60 min was required with a slit width of 0-1 mm, and for this species it was 


found advantageous to use plates hypersensitized by pre-exposure. 

Qualitative information on the states of polarization of the lines was obtained by 
the method of polarized incident light [3], successive spectra being photographed 
with suitably oriented Polaroid cylinders surrounding the Raman vessel. Frequencies 
were measured by reference to a neon spectrum in the case of PtCl,?- and to a Raman 
spectrum of CCl, (excited by He 6678 A) in the cases of PtBr,?- and PdCl,?-. The 


[2] R. D. Fiswer and E. R. Lierrscort, Anal. Chem. 26, 435 (1954). 
[3] D. H. Rank and R. E. Kacarise, J. Opt. Soc. Am. 40, 89 (1950). 
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estimated limits of error of the recorded values are approximately +-2 cm~! for the 
stretching frequencies y, and y, and approximately +5 em~! for the more diffuse 
bending frequencies 
Results 
The observed Raman frequencies (em~') are given in Table 1. The number in 
brackets after each is the relative intensity, roughly estimated on a scale on which the 
strongest line of each ion is given the value 10. The states of polarization are also 
indicated (p = polarized, dp = depolarized). 


Table 1. Raman spectra of PdCl,?~, PtCl,?~ and PtBr,? ~ 
I 6 6 6 


(Frequencies in em™) 


Pdcl,* Prci,? Assignment 


164 (7) dp 162 (6) dp 97 (6) dp ¥5( foo bend) 


292 (10)dp  320(10)dp (10) dp v,(e, stretch) 


317 (7) p 344 (7) p 207 (7) p v,(a,, stretch) 


Table 2. Raman spectra of Snt 1,° ~ and SnBr,? 
(Fre quencies in cm 1) 


SnCl,2 SnBr,? Assignment 
158 (4) dp 95 (3) dp ¥5( foo bend) 
229 (2) dp 138 (3) dp ra(€y stretch) 


311 (10) p 185 (10) p stretch) 


For a regular octahedral XY, species (point group O,) only three fundamentals 
are permitted in the Raman effect: ¥, (a,,), v2 (e,) and v; (f,,). The last column of 
Table 1 gives the assignments, the correctness of which must be regarded as beyond 
doubt. For each ion the line of highest frequency is observed to be strongly polarized, 
and so must be assigned to the totally symmetric stretching frequency v,. Of the other 
two lines, both depolarized, the one of higher frequency is clearly to be assigned to 
the stretching frequency vy, and the other to the bending frequency »;. 

For comparison Table 2 gives the similar data [4] for the corresponding ions 
SnCl,*- and SnBr,?~ containing a non-transition metal atom. A microphotometer 
trace of the Raman spectrum of PtCl,?~ (which is quite similar in appearance to the 
spectra of PtBr,*- and PdCl,*~) is reproduced in Fig. 2. For comparison this figure 
also shows a corresponding trace of the spectrum of SnCl,?-, which is typical of 
species XY, in which X is a non-transition element. 


Discussion 
When compared with SnCl,?~ and SnBr,?~ (Table 2), PdCl,?~, PtCl,?~ and PtBr,?- 
(Table 1) all show two ait differences in their Raman species ies also Fig. 2). 


4) L. A. W oopWARD and L. E, AnpErson, J. Chem. Soc. 1284 (1957). 
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First, although for either halogen the value of », or », is roughly similar in both 
tables, the value of y, lies much closer to that of », for the ions containing a transition 
metal atom. The relative difference 6 between these two stretching frequencies, 
defined as (vy, — »,)/v,, has the values 0-26 and 0-25 for SnCl,2- and SnBr,2-, re- 
spectively, but the much smaller values 0-079 for PdCl,?~, 0-070 for PtC],2- and 0-082 
for PtBr,?~. Secondly, the intensity of the e, stretching frequency ¥, is considerably 


44% Ay, 


Fig. 2. Photometer traces of the Raman spectra of PtCl,?- and SnCl,*~ in solution. 


greater than that of the a,, stretching frequency », for all the ions PdCl,2-, PtCl,2- 
and PtBr,?-, whereas for SnCl,?~ and SnBr,?~ (as indeed for all other XY, species 
hitherto investigated) the reverse is the case. 

In seeking explanations for these differences in frequency and intensity patterns, 
two differences in electronic structure must be borne in mind. In the first place, the 
bonding in PtCl,?~- and PtBr,?- involves d*sp* hybridization (using inner 
d-orbitals) whereas the bonding in B-subgroup species such as SnC],?~ and SnBr,2> is 
of the sp*d* type (using outer d-orbitals). The other important difference is that 
PdCl,?~, PtCl,?~ and PtBr,?~ all have six non-bonding d-electrons in the f,, orbitals 
of the d-shell which is involved in the bonding. Either or both of these differences of 
structure might have an influence on the frequency and intensity patterns of the 

Raman spectra. 

1. Frequency separation of », and y,. The difference between the stretching 
frequencies y, and », of an octahedral species XY, is due to stretch—stretch inter- 
actions between different X—-Y bonds. These will be expected to depend to some 
extent upon the type of hybridization of the bonds, and this might be a reason for 
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the differences of frequency pattern referred to above. However, in the series SF,, 
SeF,, TeF, it is found [5] that », — rv, becomes progressively smaller (d-values 0-17, 
0-068, 0-036, respectively); so that SeF, and TeF, show frequency patterns quite 
similar to those found in the present work for PdCl,?-, PtCl,?~ and PtBr,?~. Since 
SeF, and TeF, have sp*d? hybridization, this pattern cannot be wholly determined 
by the fact that the Pd and Pt complex ions have d*sp*-type bonds. Moreover MoF, 
and WF,, which doubtless have d*sp*-type bonds, show quite large vr, — », separations 
[5], the value of 4 being 0-13 in both cases. 

The other factor possibly influencing the frequency pattern is the presence in 
PdCl,2-, PtCl,2- and PtBr,?~ of six non-bonding electrons in the d-shell which is 
involved in the bonding. The ¢,, orbitals occupied by these non-bonding electrons 
have regions of maximum density between the bonds and may be expected to have 


29 


an influence upon bond—bond and non-bonded atom interactions. Here again, 
however, the position is not clear, since SeF, and TeF, (which do not have non- 
bonding d-electrons of the kind under consideration) nevertheless show the kind of 
frequency pattern observed for the d® transition metal ions. The progressive decrease 
of y, — v, in the series SF,, SeF,, TeF, is probably to be accounted for by a decrease 
in the non-bonded fluorine atom interactions with increase in the size of the central 
atom. 

2. Relative intensities of v, and v,. For PdCl,2~, PtCl,?~ and PtBr,?~ we find that 
the intensity of vy, is considerably higher than that of », (see Table 1 and Fig. 2). 
This is a remarkable and apparently quite unprecedented phenomenon: as far as we 
are aware, all XY, species previously investigated (and the number of them is quite 
large) have », very considerably more intense than 1. 

What we may call the normal intensity pattern (v, stronger than v,) is shown alike 
by species with sp*d? hybridized bonds (e.g. SnC],?~, TeF,, ete.) and by species with 
d*sp* hybridized bonds (e.g. MoF,, ete.). The abnormal intensity pattern observed 
in the present work cannot therefore be due to type of bonding. Nor does it appear 
possible to account for it as a resonance Raman effect whereby, owing to the proxim- 
ity of the exciting frequency to absorption bands, the observed intensity of yr, is 
(for some unexplained reason) enhanced to a greater degree than that of »,. Evidence 
against such an explanation was obtained in the present work by photographing the 
Raman spectrum of PtCl,2~ as excited not only by the He 5876 A line (see Table 1) 
but also by He 6678 A and even (using a 0-01 M solution in 5 M hydrochloric acid 
and a very long exposure time) by Hg 4358 A. In all cases, as far as could be judged 
by visual examination of the plates, the relative intensities of », and », were the 
same. Certainly in all the spectra the intensity of vy, was definitely greater than that 
of 

As it does not seem possible to attribute this abnormal pattern either to hybrid- 
ization type or to a hypothetical resonance Raman effect, we are led to suggest that 
it is probably connected with the presence of the six non-bonding d-electrons, which 
is the feature that alone differentiates the ions studied in this work from all other XY, 
species which show the normal pattern. 

Without attempting to give a detailed treatment of how such non-bonding 


[5] D. M. Yost, C. C. Srerrens and 8. T. Gross, J. Chem. Phys. 2, 311 (1934); T. G. Burke, D. F. 
Smirx and A. H. Nrevsen, ibid. 20, 447 (1952). 
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d-electrons affect the Raman intensities it is possible, if the WoLKENSTEIN bond- 
polarizability intensity theory [6] is assumed to be applicable to the species under 
consideration, to interpret the significance of the observed intensity ratios in terms 
of bond properties. It is true that the validity of the WoLKEeNstern theory has not 
been tested for species of the type X Y,, but the theory has been found to represent at 
least a useful first approximation in a number of other cases. 

On the basis of the WOLKENSTEIN assumptions it can be shown that the ratio of 
the intensity J, of », (a,,) to the intensity J, of v, (e,) for a species of type XY, is 
given by 

I, + (2a’,/a’,)P 


I, 13A,{1 — (1) 


in which A, = (v — »,)*/»,[1 — exp (—hy,/kT)], v9 being the exciting frequency, 
and «’, and «’, are the derived bond polarizabilities with respect to bond stretching, 
along and perpendicular to the bond direction, respectively. 

As a typical example of the normal intensity pattern we may take that of SnCl,?- 
excited by Hg 4358 A. Here the factor 5A,/13A, has the value 0-235. Against this 
we may set the abnormal PtCl,2-. For excitation with He 5876 A, 5A,/13A, = 0-345. 
In order to get some idea of the significance of the difference in the observed intensity 
ratios in terms of derived bond polarizabilities, we may take the rough values 
I,/1, = 5 for SnCl,?~ and J,//, = 0-7 for PtCl,?-. Solution of equation (1) gives for 
each ion two values of «’,/«’,: for SnCl,?~ +-0-55 and +-2-15, and for PtCl,?~- the 
corresponding values -+-0-12 and —4-18. Values of «’,/«’, are expected to lie between 
0 and +1, cf. CHanTRY and PLANE [7], and so we may confidently reject the pair of 
values +-2-15 and —4-18. We thus reach the conclusion that, probably owing to the 
presence of the six non-bonding d-electrons, the value (0-12) of «’,/x’, for PtCl,?~ is 
very considerably smaller than the value (0-55) for SnCl,?-. 

Further interesting evidence may be expected from the study of other species 
with d*sp* bonding and with the spherically symmetrical d°, d* and d® non-bonding 
electron arrangements. (For species with d', d?, d‘ and d® arrangements complications 
due to Jahn-Teller effects may occur.) The present work is being extended in this 
direction and the results obtained will be published in due course. 
Acknowledgements—We are grateful to Imperial Chemical Industries Ltd. for a grant to L. A. W. 
covering the cost of chemicals. One of us (J. A. C.) thanks the Department of Scientific and 
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Abstract—The infrared spectra of seventeen chlorotriazines were obtained over the 2-16 « region 
and used to study the effect of chlorine substitution upon absorption by the triazine system. 
A strong band at 11-8 ~ was noted as characteristic of triazines which contain two or three 
chlorine atoms bonded directly to ring carbon atoms; this band was assigned to the in-plane 
asymmetric carbon—chlorine stretching vibration. A quantitative explanation was provided for 
the variation in position of the sharp triazine ring bending band that occurs in the 12-14 y region, 
expressed in terms of the effect of resonance interaction between substituents and the triazine 
ring. 


Introduction 

A NUMBER of infrared spectroscopic studies of s-triazine and its derivatives have been 
reported [1-12]. Among these, the investigators PapGerr and Hamner [6] 
included a sufficiently wide variety of compounds to permit correlation of charac- 
teristic absorption bands with structural features of the substituted triazine system. 
They assigned strong bands near 6-4 and 6-9 « to in-plane triazine ring vibrations, 
assigned a weaker band near 12-3 w to an out-of-plane ring vibration, and observed 
how these bands were affected by the nature of the substituents. Jones and 
ORVILLE-THOMAS [9] gave complete frequency assignments for the class A,’, A,’ and 
E’ vibrations of melamine. These provide a guide in improving assignments of 
triazine spectra. 

The infrared spectra of chlorotriazines are of interest because they are important 
in themselves as fungitoxic agents [11, 12] and also as intermediates in the preparation 
of other triazine derivatives [13]. This report presents observations on the infrared 
spectra of various chlorotriazines. The effects of chlorine substitution on triazine 
spectra are examined, and vibrational band assignments in triazine spectra are 
discussed and extended. 


* Present address: E. H. Plesset Associates, Inc., 1281 Westwood Blvd., Los Angeles 24, California. 
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Experimental 


The compounds used in this study were prepared according to procedures 
described in the literature [14, 15], and purified by extraction and distillation or 
recrystallization. Purity and identity were confirmed by melting or boiling point 
determination and elemental analysis. 

A Baird Associates model AB 1 infrared spectrophotometer equipped with 
sodium chloride optics was used to obtain the spectra over the 2-16 uw region, within 
a wavelength accuracy of about 0-03 4. Except as noted below the spectra presented 
herein were obtained from solid samples dispersed in KBr disks. The spectrum of 
2-chloro-4 : 6-bis-(diethylamino)-s-triazine was obtained from a liquid capillary 
film. That portion of the spectrum of 2,4-dichloro-6-diethylamino-s-triazine that is 
indicated by a dashed line was obtained from a solution in CS,,. 


Results and discussion 

The infrared absorption spectra of ten triazine derivatives which contain one 
chlorine atom bonded directly to a ring carbon atom are presented in Figs. 1 and 2. 
The infrared absorption spectra of cyanuric chloride and six triazine derivatives 
which contain two chlorine atoms bonded directly to ring carbon atoms are presented 
in Figs. 3 and 4. Absorptions occur in the general regions that have been discussed 
by earlier workers, and some additional absorptions can be noted. 

Triazine spectra show absorptions near 6-4 and 6-9 ~ which have been assigned 
to planar triazine ring stretching vibrations [3, 6, 9]. The more symmetrical 6-4 
vibration is little affected by the presence of one or two chlorine atoms bonded to 
the triazine ring. The absorption which results from the less symmetrical 6-9 
vibration is much diminished in intensity for the chlorotriazines. Electronic effects 
probably exert little influence on the behavior of these bands; it is noteworthy 
that they are only slightly shifted for cyanuric fluoride [16] but they are shifted 
considerably for cyanuric chloride. The behavior of these ring bands apparently 
results from a mass effect associated with the damping action of the relatively heavy 
chlorine atoms corresponding to differing degrees of chlorination. 

The spectra of triazines which contain two or three chlorine atoms bonded directly 
to ring carbon atoms differ characteristically from those with fewer chlorine atoms by 
the presence of a strong absorption band near 11-8 4. This strong 11-8 w band is an 
especially useful analytical feature of the spectra of dichlorotriazines and permits 
rapid identification of this class of compounds. The band probably arises primarily 


from the in-plane asymmetric carbon—chlorine stretching vibration, but the relatively 
high frequency implies that a more complicated description involving part of the 
ring would be more accurate. In most of the spectra only a single band is observed 
at this wavelength. However, the spectrum of 2:4-dichloro-6-diethyl-amino-s- 
triazine as obtained from a solid sample in a KBr disk contains a doublet band, 
while the CS, solution spectrum of this material contains only a single band near 


[14] J. T. Tuurston, J. R. Dupiey, D. W. Kaiser, I. HEcHENBLEIKER, F. C. ScHAEFER and D. Hotm- 
HANSEN, J. Am. Chem. Soc. 78, 2981 (1951). 

[15] J. R. Duptey, J, T, Taurston, F. C. Scuarrer, D. Hotm-Hansen, C. J. and P. Apams, 
J. Am. Chem. Soc. 73, 2986 (1951). 

[16] D. Gristey. Private communication. 
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Fig. 1. The infrared spectra of some monochlorotriazines. 2-Chloro-4:6-bis(diethylamino)-s- 
triazine was examined as a liquid capillary film; the other compounds were examined 


in KBr disks, 
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Fig. 2. The infrared spectra of some monochlorotriazines, examined in KBr disks, 
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Fig. 3. The infrared spectra of cyanuric chloride and some dichlorotriazines, examined in 
KBr disks. 
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11-8 uw (see Fig. 4). The observation indicates that this compound, for which sym- 
metry properties indicate that no degenerate vibrations should occur, exists in the 
crystal in two orientations which are subjected to different crystal forces, and as a 
result the 11-8 « band is split into a doublet. 

Triazine spectra include another characteristic absorption band that normally 
occurs as a very sharp peak in the 12-14 uw region, and has been assigned to an out-of- 


% transmittance 


% transmittance 


Wavelength, 
Fig. 4. The infrared spectra of some dichlorotriazines, examined in KBr disks. The dashed 
line portion of the spectrum of 2:4-dichloro-6 diethylamino-s-triazine was recorded from 
( S, solution, 


3]. More recent studies on normal and 


plane bending mode of the triazine ring 
deuterated melamine indicate that this band is a degenerate in-plane ring bending 
mode, and that the out-of-plane mode should occur near 13-7 « [9]. The position of 
this sharp band is influenced by the nature of the substituents on the triazine ring, 
as is evident from an examination of the spectra shown above, and those which are 
available in the literature. PapGrtt and HAMNER [6] pointed out that many of the 
shifts are explained by the hypothesis that this band is shifted toward longer 
wavelengths, compared to melamine, by strong electron-attracting substituents. 
However, this explanation is not complete because, for example, triazine itself 
absorbs at a longer wavelength than does any of its derivatives. 

It is difficult, from examples in which the molecules contain more that one kind of 
substituent, to assess the effect of substituent on band position. Fortunately, several 
spectra are available of triazines which are uniformly substituted. The band positions 
for several symmetrically tri-substituted triazines are listed in Table 1. Consideration 
of mass, steric and inductive parameters of the substituent groups shows that they 
do not correlate with the variations in band position. However, band position is a 
reasonably good function of the resonance component, op, of the Hammett 
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Fig. 5. The relationship between the in-plane triazine ring bending band position and the 

resonance component of the Hammett substituent constant. The band position is expressed 
in terms of wavelength shift from the position of the band for s-triazine. 


Table 1. Variation of in-plane ring bending 
band position with substituent 


Substituent Band position Reference 


H 13-61 [3] 


CH, 12-86 [3] 
Cl 12-5§ 
12°; (6) 
12-28 {16} 
12-23 (16) 
12-24 (6) 


g- constant of the substituent group. The relationship is illustrated in Fig. 5, for which 
the o,, data were obtained from the literature [17, 18}. Therefore the variation in 
position of this band is determined primarily by the resonance interaction between 
the substituents and the triazine ring, and the band is shifted toward shorter wave- 
lengths as the electron density in the triazine ring’is increased through resonance, 
practically independently of the inductive effects of the substituents. Thus, the 
in-plane ring bending absorption appears at relatively shorter wavelengths for those 
triazines with substituents which are relatively more electron-releasing in resonance 
with the triazine ring. For those triazines which contain more than one kind of 
substituent, the band position is determined by the combined resonance interactions 
of the substituents with the ring, and the electron density in the triazine ring, as it 
is affected by these interactions. A linear combination of substituent constants 
provides satisfactory correlation for the few triazines with mixed substituents for 
which data are available. 

17] R. W. Tarr, N. C. Deno and P. 8. Skett, Ann. Rev. Phys. Chem. 9, 287 (1958). 

(18] R. W. Tarr, Steric Effects in Organic Chemistry (Edited by M. 8. Newman) p. 595. Wiley, New York 


(1956). 
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Abstract 


dynamic functions have been calculated to 1000°K. 


Introduction 


THE infra-red [1-3] and Raman spectra [4~7] of benzonitrile have been recorded by 
several workers, and important information concerning the vibrational levels has 
also been derived from studies of the emission [8, 9], fluorescent [10] and absorption 
[5] spectra in the ultra-violet. Some partial assignments of the fundamentals have 
been made [1, 5, 8-11]. As part of a study of the vibrational spectra of benzene 
derivatives, a complete assignment is presented in the present paper from which the 


A complete vibrational assignment is made for benzonitrile from which the thermo- 


thermodynamic functions have been calculated. 


Experimental 
The Raman shifts to 1600 em! of a freshly redistilled sample of dried benzonitrile 
were recorded using Hilger source and photoelectric recording equipment. Obser- 
vation of a weak line at 320 cm~! was achieved with photographic recording (Kodak 
oA-o plates exposed for 40 min), scanned using a Hilger recording comparator 


microphotometer against an iron are spectrum. The infra-red spectrum was taken 
with a double-beam grating instrument constructed in this laboratory [12]. 


Assignment 
The vibrational frequencies are summarized in Table 1. The Raman displace- 
ments obtained in the present work are in good agreement with previously reported 


values, and in addition a new weak line at ca. 320 cm~! was found and the presence 
[7] of a weak line at 650 cm~ confirmed. A very weak band at the latter frequency 
was also observed in the infra-red spectrum of the liquid. Depolarization data were 


[1] J. Lecomrr, J. phys. radium 8, 489 (1937). 

[2| P. Barcnewirz and M. Paropt, J. phys. radium 10, 143 (1939). 

[é | R. Mecke, Documentation of Molecular Spectroscopy nos. 3381, 3382. Butterworths, London ( 1958). 
(4) 


K. W. F. Kontravuscn and A. Poncratrz, Monatsh. Chem. 68, 427 (1933); K. W. F. Koni_ravuscn, 
Ramanspektren p. 381. Akademische, Leipzig (1943). 
] R. C. Hier and J. P. Howe, J. Chem. Phys. 16, 480 (1948). 
| B. M. Bisuvu, Indian J. Phys. 22, 167 (1948). 
| J. Benrincer, Z. Elektrochem. 62, 544 (1958). 
| B. D. Josut, J. Sci. Research Banares Hindu University, 6, 266 (1955-1956). 
| J. Kanane-Briiovs, J. chim. phys. 57, 580 (1960). 


[ 0| A. M: Bass, J. Chem. Phys. 18, 1403 (1950). 
[ll] Landolt-Bérnstein Zahlenwerte und Funktionen, Bd. 1, Teil 2, 8. 304. Springer, Berlin (1951). 
{12} J. L. Hares, J. Sci. Instr. 36, 264 (1959). 
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Table 1. Vibrational frequencies (em™) and assignment for benzonitrile 


Infra-red 


1003 


1026 


Absorption 


5} 


Emission 


1310(w 


Raman 


Ay liquid 


172(m) dp 


320(vw) 
381(w) dp 
405 w) 
460(8) Pp 
549(s) dp 
624(m) dp 
650(w) 


1023(m) p 


1178(s) dp 


1190/s) Pp 


1310(w) 


1353(w 


1445(w) dp 


1498 m) 


1600(s dp 


2222(s) p 


3071(s) p 


Liquid 


208* 
263* 
313* 


383* 


4627 
548F 


624(w) 


650( vw) 


675(sh) 


O87(s) 


7Ol(sh) 


758(s) 


79S8ish) 


S4iiw 

vw 


1001(m) 


1026/8) 


1071(s) 


LOGSim) 


1163(s 


1176(s 


1192(s 
1215(s! 


1894 
1961 
29299 


3039(s 


Vapour [3] 


687/10) C 


756(10) C 


921 4) c(? 


10204 
1028/4) 
1032(4 

106013) 


1072(3) 


1151(0) 
1176(1) 
L183(1) 


1585/3) 


3039(7) 


Assignment 


b, fundamental 

b, or b, fundamental 

b, fundamental 

by or b, fundamental 

a, fundamental 

a, fundamental 

b, fundamental 

b, fundamental 

2 325 650 | 1,) 

405 263 668 (B, or B;) 
b, fundamental 

380 +- 325 = 705 (A, or A,) 
a, and b, fundamentals; 

2 1,), see text 
2 405 810 (A,) 

a, fundamental 

263 +- 624 = 887 (A, or Ay) 
b, fundamental 


2 381 762 


a, fundamental 
6b, fundamental 
a, fundamental 


a, fundamental 


b, fundamental 
2 548 1096 
b, fundamental 


a, fundamental 


a, fundamental 
462 + 756 = 1218 (A,) 


b, fundamental 


b, fundamental 
1001 325 
924 405 
1072 263 
968 380 
1026 325 


325 1072 


1326 (B,); 
1329 (B,) 


1333 (A, or A,) 
1351 (B,) 
1397 (A,) 


b, fundamental 


a, fundamental 


2 757 
548 1026 


b, fundamental 


1514 (A,) 
1574 (B,) 


a, fundamental 
756 924 1680 1,) 
687 + 1026 1713 (B,) 
756 987 1743 (A,) 
S44 924 1768 (B,) 
844 968 1812 1,) 
924 968 1893 (B,) 
968 087 1955 (B,) 
a, fundamental 
b, fundamental 
a, fundamental 


1348 B, or B,); 


strong; m medium; w weak: V = very; sh = shoulder. 
Values from BARCHEWITZ and Paropt [2]. 
Values from MEcKE 
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170 170 
269 277 
314 324(7) | 
380 387 
| 
462 457 
548 542(8) 
618 626 628 
| 
681 670 670 
741 759 75l(m) p 
771 773 765(m) p 
845 841 839 
Ps 
a 1003 
— VOL. 
1 7 
} 
1282(2) | 
1311 1312(w) 
299 
1323 0) 
1333(m) | 1335(0) 
1349 
1391(m 
1440/5) 
1451(5) | 
1486(7) | 
1498 1509 1486(8) 14927 
1497(7) | 
1520(vw) 
1570(sh) 
4 1603 1597 | 
95(s) 
1681(w 1667(1) 
1715(w) 
1745/1) 
1761(w) 
w) | 1795(2) 
w) 1890/2) 
w) 1957(2) 
2228 2228 s) | 2222(5) 
+ 
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taken from the work of Bisuu [6] and agreed with the earlier values quoted by 
Koutravscu [4] except for the lines at 380 and 1178 em~! for which the latter gave 
p = 0-36 and 0-24, respectively, whereas Bisnu found them to be depolarized. The 
early work of BarcnEewirz and Paropt [2] provided infra-red data in the region 
200-400 em~', and in view of the discrepencies between their results for some com- 
pounds and those of more recent work [13] it is important that other evidence 
supports their values. It is assumed here, however, that their observed band at 
208 cm? corresponds to the Raman shift of 172 cm~', a value confirmed by the 
ultra-violet spectra. 

Benzonitrile belongs to the point group C,, and the thirty-three vibrational 
degrees of freedom comprise 12a, (I.R., R, p) + 3a, (R, dp) + 114, (ILR., R, dp) 
76, (L.R., R, dp), where I.R. and R denote infra-red and Raman active vibrations, 
respectively, and p and dp denote polarized and depolarized Raman lines. The 
moments of inertia are known from microwave spectroscopy [14], and the smallest 
axis coincides with the twofold axis, hence a,, b, and b, vibrations should exhibit 
type A, B and C contours, respectively, in the infra-red spectrum of the vapour, the 
C-type bands having a pronounced Q-branch and the B-type bands having two 
(J-maxima. 

The assignment is summarized in Table 2, where the usual notation for the 
modes [15] is used. We consider first the thirty frequencies associated with the 
phenyl group. The essentially CH stretching frequencies are unresolved and the 
arbitrary choice has been made of assigning the polarized Raman line at 3071 em-! 
as the three a, modes, and the infra-red band at 3039 cm~! as the two b, modes. In 
the vapour spectrum the a,- and b,-components of the degenerate ¢,,»(CC) vibration 
vg, in benzene, are unresolved, but in the liquid they appear here at 1577 and 1595 
em~!, Similarly the pair of frequencies derived from the €,,%(CC) vibration, »,, in 
benzene, are found at 1486 and 1443 cm~!. These frequencies, and those of the two 
CH in-plane deformation modes r,, and ¥,,, in the a,-class, are satisfactorily in accord 
with those for other monosubstituted benzene derivatives. The Raman line at 1178 
em~' assigned as r,, is actually recorded as depolarized, as in several similar mole- 
cules [15, 16] arising from the fact that this vibration is essentially unchanged from 
its corresponding depolarized e,, mode in benzene. The highest X-sensitive frequency 
in the a,-class is at 1192 cm~', corresponding to a polarized Raman line; in the 
infra-red spectrum of the vapour this appears to have shifted slightly and become lost 
in the adjacent {(CH) mode. The lowest X-sensitive frequency is expected at about 
500 cm~ and is assigned at 462 cm~' on a basis of the polarization data. 

A third X-sensitive mode in the a,-class would be expected between 700 and 800 
em~', together with the 6, y(CH) “umbrella” mode, y,,,. In this region a strong 
infra-red absorption band is found at 756 cm~', together with a pair of polarized 
Raman lines at 751 and 765 em~!. This doublet is here attributed to Fermi resonance 
of the first overtone of a fundamental at 381 cm~! with the a,-fundamental. The 


[13] E. K. Piyer, Discussions Faraday Soc. 9, 100 (1950), 

[14] D. R. Lipe, J. Chem. Phys. 22, 1577 (1954). 

[15] D. H. Wuirren, J. Chem. Soc. 1350 (1956); E. B. Witson, Phys. Rev. 45, 706 (1934); R. R. RANDLE 
and D. H. Wuirren, Molecular Spectroscopy p. 111. Institute of Petroleum, London (1955). 

[16] K. W. F. Koutrauscn and H. Wirrex, Monatsh. Chem. 74, 1 (1943); K. 8. Prrzer and D. W. 

Scott, J. Am. Chem. Soc. 65, 803 (1943); N. Fuson, C. Garricou-LaGRaNGE and M.-L. Josren, 

Spectrochim. Acta 16, 106 (1960). 
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distinct C-type contour of the infra-red band of the vapour, however, shows that 
this is the b,-vibration, the high intensity of which swamps the a,-frequency. 

In the b,-class the two 6(CH) modes »,, and »,,; are found in their usual places: 
the former is the expected 10-20 em~! lower than the corresponding a,-frequency, 


Table 2. Vibrational fundamentals for benzonitrile 


a, v(CH) 20a 3071 b, »(CH) 20b 3039 
v(CH) 3071* v(CH) 7b 3039* 
v(CH) 3071* v(CC) 8b 1577* 
v(CC) v(CC) 19) 
r(CC) r(CC) 
p(CH) p(CH) 
B(CH) 1026 B(CH) 
1001 B(CH) 
1192 a(CCC) 
X sens. 17 
196) 


ns. 


v(CN) 
y(CH) 
»(CH) 


d(CC) 


X sens. 


X sens. 


y(CN) 


170 


380 
(or 263) 


O(CN) 


* Frequency used again. 


and the assignment of the latter is supported by the approximate B-type contour. 
The remaining §(CH) mode », at 1282 em~' is slightly higher than in other compounds 
but no lower alternative is available. On a basis of the Marr and Hornic assignment 
for benzene the »(CC) frequency », is expected slightly above 1310 cm~. In the 


halogenobenzenes [15] the Raman data support a value of ca. 1320 cm~', but in 
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X semm 12 462 ma — 263 (or 380) 
- 2222 
: 
by 5 987 a, y(CH) l7a 968 
924 y(CH) 10a S44 
10b 758 d(CC) l6a 405 
4 687 
(il 548 
| 
| 
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benzonitrile the slightly lower value of 1310 cm~! seems most likely, the other fre- 
quencies in this region being explained as shown in Table 1. However, 1333 em-! 
could be an alternative for v,, the 1310 cm~! frequency being interpreted as 758 + 
548 = 1306(A,). The in-plane ring deformation »,, appears as the usual strong 
depolarized Raman line at 624cm~!. Finally, the frequency at ca. 320 em is 
assigned as the X-sensitive mode in the 6,-class; the alternative, 380 cm~', is 
discussed below. The weak line and absorption band at 650 cm~' is then interpreted 
as the first overtone of this 6,-fundamental. 

Assignments of the out-of-plane »(CH) frequencies find their usual confirmation 
in the combination bands in the 1680-2000 cm~ region, and the analysis in Table 1 
confirms and extends that previously made [17]. The out-of-plane ring deformation 
Vigas expected at ca. 400 cm~! but seldom observed, is found in benzonitrile as the 
weak Raman line at 405 cm~', whilst the 6, ring deformation is readily identified by 
the C-type contour of the infra-red band at 687 cm~!. Of the two X-sensitive modes 
in the b,-class, the lowest is almost certainly at 170 em~, and the remaining frequency 


is here assigned at 548 cm 

The three frequencies arising from the nitrile group are the CN stretching (a,), 
and in-plane (b,) and out-of-plane (b,) CN deformation modes, the first of which is 
immediately accounted for at 2222 cm~'. The others are rather less certain, however. 

The deformation mode has been variously assigned at 549 cm~! [9, 11] and at 
~380 cm~! [6], and recently H1LDALGo [18] has presented evidence for a “‘character- 
istic’ medium or strong infra-red absorption band at 380-400 cm~! in several 
nitriles. Certainly the degenerate vibration would be expected in this region by 
analogy with acetonitrile, CICN and BrCN where it is found at 380, 397 and 368 em—!. 
respectively [19]. Where this degeneracy is removed one component may have a 
similar value: for example in malonitrile all the 6(CN) modes are accidentally 
degenerate at 367 em~' [20], whilst in acrylonitrile they are found at 362 em~! (a”) 
and 242 em~! (a’) [21], and in propionitrile at 378 em~! (a”) and 226 em~ (a’) [22]. 
(On the other hand, strong coupling may lower the values to 170-200 em, as in the 
series CF,CN, CF,CICN, CC1,FCN and CCI,CN [23].) 

In benzonitrile, following H1paLGo, one CN deformation mode is here assigned at 
380 cm~! and the other to the remaining observed frequency at 263 cm-!. Which 
frequency is in the 6,-class and which is in the 6,-class is not certain, but it seems 
rather more probable that the higher frequency corresponds to the b,-vibration. 
The attributions of the lowest observed frequencies given in Table 2 cannot therefore 


be regarded as unique. 

Since the present analysis was made, Bak and NIELSEN [24] have published an 
assignment which differs from it in respect of several frequencies and a brief dis- 
cussion of the differences is necessary. They largely arise from interpretation of the 


[17] D. H. Warren, Spectrochim. Acta 7, 253 (1955). 

{18} A. HIDALGo, Compt. re nd, 249, 395 (1959). 

(19| G. Herzperc, Infra-red and Raman Spectra pp. 332 and 174. Van Nostrand, New York (1945). 
(20) F. Hatverston and R. J. Francer, J. Chem. Phys. 17, 694 (1949). 

{21} F. Hatverston, R. F. Stamm and J. J. WHALEN, J. Chem. Phys. 16, 808 (1948). 

[22] N. E. Duncan and G. J. Janz, J. Chem. Phys. 28, 434 (1955). 

[23] S. C. Warr and G. J. Janz, J. Chem. Phys. 26, 1554 (1957); W. F. Everett and R. M. Porter, 


Ibid. 24, 80 (1956). 
[24] B. Bak and J. T. NreLsEN, Z. Elektrochem. 64, 560 (1960). 
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Raman polarization data: thus, attribution of the 547 cm~' Raman line to the 
a,-class is contrary to the depolarized nature of this line. Also it is unlikely that in 
benzonitrile an a,-vibration would be absent from the Raman spectrum, but this is 
the case with the 1070 em~ absorption band assigned by Bak and NIELSEN to this 
class. Their interpretation of the polarized Raman line at 754 cm~ solely as 2 « 379 
does not account for the observed doublet in this region, which is most satisfactorily 
explained, as above, by resonance with an a,-fundamental replacing their frequency 
at 1070 

Similarly the Raman line at 624 cm~'! is not polarized as suggested by Bak and 
NIELSEN and so its assignment to r,,, in the },-class, is satisfactory and places this 


Table 3. Th 


molal thermodynamic properties of benzonitrile 


—(G H,°)/T (H H,°\/T (H S C, AH,* AG, 
(cal/°C) (eal/°C) (keal) (eal/°C) (eal/°C) | (keal) (keal) 


273-16 60-40 14-15 3-865 24-07 53-49 61-49 

298-16 61-67 15-06 4-491 7: 26-07 52-26 2-31 

300 61-76 15-13 1-540 st 26-21 2-2: 38 

400 66-6: IS-S5S 54: 85-4 33-65 

500 2: 22-46 23: 30-85 

600 2 44-80 

700 28-7 48-7§ 
52-08 

900) 33-96 30-56 : 54-80 


1000 01-37 36-14 36-14 5 57-08 


mode in its expected position. (Their choice of 686 cm~! for v,, is, in any case, 
contrary to the observed band contour.) Their assignments for vy, and v,, at 1192 and 
1389 em~' seem too low and too high, respectively, by analogy with other mono- 
substituted benzenes and the Raman line corresponding to the former is polarized. 
Several combinations provide interpretation for the latter: in addition to that given 
in Table 1, other possibilities are 380 + 1001 1381 (B, or B,); 462 + 921 1383 
(B,) and 405 — 987 = 1392 (B,). Finally, in the a,-class the out-of-plane ring mode 
is unlikely to be as low as 380 cm~'; the weak Raman line observed here and by 
Bisuv [6] at 405 em~' being much nearer the expected [15] value. Use of this value 
results in an extra observed frequency being available unless, as in Table 1, the 202 
em™~! infra-red band is taken to correspond to the 170 em~! Raman line. 
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Thermodynamic functions 


The vibrational contributions to the thermodynamic functions for benzonitrile 
were calculated from the fundamental frequencies of Table 2, the individual terms to 
the harmonic oscillator approximation being taken from tables [25]. The rotational 
contributions were calculated using [14] 5-560 « 10-3 g3 em® for the product of the 
three principal moments of inertia. A value for the heat of formation of gaseous 
benzonitrile was recently obtained by Evans and SKINNER [26]; this was used with 


the results of the statistical calculations, and the thermodynamic functions [27] of 
C(gr), H,(g) and N,(g) to derive the heat and free energy of formation of benzonitrile 
at selected temperatures in the range 273-16-1000°K. The complete calculated 
molal thermodynamic functions for the ideal gas state at 1 atm pressure are summar- 
ized in Table 3. There are no experimental values with which these results may be 
compared; it may be noted, however, that they differ considerably from some 
estimated values [28]. 


Acknowledgement—The author thanks Mr. W. Kynaston for experimental assistance. 


[25] H. L. Jonunston, L. Saveporrr and J. Bevzer, Contributions to the Thermodynamic Functions 
by a Planck—Einstein Oscillator in One Degree of Freedom. ONR Washington, D.C, (1949), 

(26) F. W. Evans and H. A. Skinner, Trans. Faraday Soc. 55, 255 (1959). 

D. D. Wacman, J. E. W. J. Tayvor, K. 8. Prrzer and F. D. Rossrxt, J. Research Natl. 
Bur. Standards 34, 143 (1945). 

(28) P. J. Hawkes and G. J. Janz, J. Chem. Soc. 1479 (1949) 
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Abstract—The first overtone N—H stretching bands and the combination N—H band of aniline 
and thirty-seven of its ring-substituted derivatives were studied in carbon tetrachloride and 
chloroform solutions. The effects of solvent on the frequencies and the peak molar absorptis ities 
of the bands vary w idely depending on the structure of the compound, These effects are dis- 
eussed in terms of Hammett’s o-constants and the acid dissociation constants of the amines. 
The integrated molar absorptivities of the first overtone bands exhibit much smaller solvent 
effects than the peak absorptivities, and the effects vary only slightly with the structure of the 
compound. 


Introduction 


Tue effects of solvent and concentration on the first overtone and combination 
N—H bands of a few primary aromatic amines were recently reported [1]. The 
spectral changes observed upon changing the solvent from carbon tetrachloride to 
chloroform varied widely from one amine to another, but not enough compounds 
were studied to allow the solvent effects to be correlated with the structures of the 
amines. We have now measured the first overtone and combination N—H bands of 
aniline and thirty-seven of its ring-substituted derivatives in chloroform solutions 
and repeated most of our earlier work with the amines in carbon tetrachloride 
solutions [2]. The positions of the N—-H bands, their peak molar absorptivities, 
and the integrated molar absorptivities of the first overtone bands in these solvents 
are presented and compared in this paper. It is shown that the magnitude of the 
solvent effect is related to the base strength of the amines. 


Experimental 

Spe ctrophotome ler 

The spectra were measured with a Cary model 14 spectrophotometer equipped 
with a log absorbance slide wire and operated at a scan speed of 1 my per sec; 
the slit height control was in the “in” position. The cells were 10-cm cylindrical 
ones with Corex ends. Slit widths corresponding to half-intensity band widths of 
from 5 to 7 em~ were used in the overtone region; in the combination region the 
half-intensity band width varied from 4 to 6 cm~ at the band maxima, but it 
approached 10 em~! on the low-frequency side of the bands in chloroform solutions. 


Reagents 


The solvents were reagent grade carbon tetrachloride and chloroform. The 


spectra of three amines of very different base strength were also studied using 
chloroform which had been washed several times with dilute sulfuric acid and water, 


* Temporary address: U.S. Naval Research Laboratory, Washington 25, D.C. 


fl) K. B. Wuerser, Anal. ¢ hem. 32, 1281 (1960). 
(2) K. B. WHETSEL, W. E. Roperson and M. W. Krett, Anal, Chem. 30, 1598 (1958). 
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dried over calcium sulfate, and then distilled under an atmosphere of nitrogen. 
The N—H bands fell at the same position in the purified solvent as in the untreated 
one and the intensities of the bands differed by no more than 2 per cent, so the 
untreated reagent grade solvent was used for the remainder of the work. 

Most of the amines were purified by crystallization or fractional distillation for 
use as spectrophotometric standards. A few commercial samples which assayed 
98 per cent or more by gas chromatography were used without further purification. 


Spectral data 

All spectra were obtained with freshly prepared solutions containing 1 per cent 
or less (w/v) of the amines. The spectra in chloroform solution were measured 
against chloroform containing a volume per cent of carbon tetrachloride equal to 
the weight per cent of the amine in the sample. This technique improved the 
solvent compensation and yet did not require that the density of each amine be 
known. The scan was started immediately after the samples were placed in the 
instrument; exposure of the more basic amines to the undispersed light of the 
source resulted in a slow photochemical reaction, evidenced by the formation of a 
shadow on the cell window. 

Background corrections were applied to all measured absorbances before 
calculating molar absorptivities. Background lines for the overtone bands were 
drawn from 1590 to 1425 my for the spectra of chloroform solutions and from 1590 
to 1415 my for those of carbon tetrachloride solutions. The combination bands 
were corrected for background absorption by subtracting the absorbance at 1920 
my from the peak absorbance. Peak molar absorptivities in units of |./mole em 
were calculated from the expression e = A/Cl where A is the corrected absorbance, 
C is the concentration in moles per liter, and / is the path length in centimeters. 
Integrated molar absorptivities for the combined symmetric and asymmetric first 
overtone bands, in units of |./mole cm*, were obtained by graphical integration 


of the expression 


2-303 
B 
Ci . 


where A is the absorbance and » is in em~'. The integration interval was 20 em~. 
Wing corrections were not applied as such, although the corrections on the high- 
frequency side of the symmetric bands and on the low-frequency side of the asym- 
metric bands were included in the integration due to overlapping of the bands. 
The wing corrections on the high-frequency side of the asymmetric bands are small, 
and the integration range extended far enough to include most of the corrections on 
the low-frequency side of the symmetric bands. The integrated molar absorp- 
tivities, B, are related to the integrated intensities reported by THompson and 
his co-workers [3-6] by the expression 


1000cB 
A= 498 x 
N 
[3] P. J. Krvecer and H. W. Tuompson, Proc. Roy. Soc. (London) A 248, 143 (1957). 
[4] R. A. Russevyt and H. W. Tuompson, Proc. Roy. Soc. (London) A 234, 318 (1956). 
R. A. Russevy and H. W. THompson, Spectrochim. Acta 9, 133 (1957). 
[6] H. W. Tuompson, Spectrochim. Acta 14, 145 (1959). 
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where A is the integrated intensity in units of em*/molecule sec, ¢ is the speed of 
light in centimeters per second, and V is Avogadro’s number [7]. 


The data reported represent averages obtained from at least two solutions 
which were prepared from separate weighings and usually at different concentra- 
tions. In all cases Beer's law was followed within the limits of experimental error 
over the limited concentration range that was studied. Additional checks were 
made if the results of the first two runs differed by more than 0-5 my in band 
position, 2 per cent in peak absorptivity, or 5 per cent in integrated absorptivity. 


Determination of pA, 

Acid dissociation constants for several of the amines for which values were not 
found in the literature were determined by an ultraviolet spectrophotometric 
procedure [8] using phosphate, acetate and glycine-hydrochloric acid buffers [9]. 
Results obtained on several amines of known base strength were in good agreement 
with the literature values. 


Results and discussion 

The spectra of a few typical amines in carbon tetrachloride and in chloroform 
are presented in Fig. 1. The positions and the intensities of the N—H bands are 
summarized in Tables 1 and 2, respectively. The frequency data for carbon tetra- 
chloride solutions agreed closely with those obtained previously [2], but the peak 
absorptivities obtained in this study differ slightly from those reported earlier. 
At least part of the difference is due to the use of different background corrections. 


Band pos itions 


The frequencies of the first overtone symmetric N—H bands in chloroform 
solution are plotted against the frequencies in carbon tetrachloride solution in Fig. 2. 
p-Phenylenediamine and its N:N-dialkyl derivatives, p-anisidine, p-phenetidine 
and p-toluidine (compounds 1—5 and 26) exhibit relatively sharp bands in chloro- 
form at frequencies 20 to 30 cm~! below those of the corresponding bands in 
carbon tetrachloride [Fig. l(a)]. The bands of aniline, o- and p-f-hydroxyethyl- 
aniline, the 2:5-dialkoxyanilines, o- and m-toluidine, o-anisidine, o-phenetidine, and 
p-aminobiphenyl (compounds 7—13, 27-30, 32, 36 and 41) are broad and flat in 
chloroform, and their centers are displaced 15 to 20 em~! toward lower frequencies 
relative to those in carbon tetrachloride [Fig. 1(b)]. The remaining m- and p- 
substituted anilines and the ring-halogenated derivatives (compounds 14-24, 33, 35 
and 37-39) exhibit sharp maxima in chloroform which are either at the same fre- 
quencies as those in carbon tetrachloride or displaced toward higher frequencies by 
5 to 10 em [Fig. I(c)].. Many of these bands, however, have distinct shoulders at 
frequencies about 40 cm below those of the principal bands. The first overtone 
symmetric N—H bands of o-nitroaniline (no. 40) and o-methylsulfonylaniline 
(no. 34) are split into two well-defined components in both carbon tetrachloride and 
chloroform solutions [Fig. 1(d)]. The high-frequency components fall at very nearly 


(7) Baywiss, A. R. H. Cote and L. H. Lirrie, Spectrochim. Acta 15, 12 (1959). 

8} H. C. Brown and D. H. McDantet, J. Am. Chem. Soc. 77, 3752 (1955). 

9) W. M. CLark, The Determination of Hydrogen Ions (3rd Ed.) Chap. 9. Williams and Wilkins, 
Baltimore, Md, (1928). 
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Fig. 1. Near-infrared spectra of primary aromatic amines: carbon 
tetrachloride solution; - chloroform solution (10-cm cells). 


the same position in both solvents, but the low-frequency components shift toward 
higher frequencies by 10 to 25 em~! in chloroform. 


The positions of the asymmetric N—H bands vary with solvent in much the 


same manner as the symmetric bands, but a few points of difference are worth 


617 


5100 5000 4900 | 
4 
| 
0.8} \ 
0.3}- ae 
0 
OL. 
17 
9 6 ] ‘ 
YY 
4 
0.3 / \ 
1450 1500 ones 
| 
|| 


Kermit B. WHETSEL 


Table 1. Positions of the near-infrared N—H bands of primary aromatic 
amines in carbon tetrachloride and in chloroform 


v(em™~*) 


No. Substituent Ist overtone asymmetric Ist overtone symmetric Combination 


CCl 


CHCl, CCl, 


CHCl, CCl, CHCl, 


m- and p-Substituted compounds 
p-N(C,H,), 6853 6821 6655 6628 5046 5030 
p-NH, 63849 6822 6656 6633 5048 5033 
p-OC.H, 6861 6834 6657 6643 5055 5037 
p-OCH, 6862 6835 6667 6645 5056 5038 
p-CH, 6883 6887 66384 6657 5063 5043 
p-CH,CH,OH 6895 6693 6668 5070-5047 
6862 
None 6900 6910 6696 6675" 5073 5050" 
6864 
6897 6909 6694 66714 5072 5O55e 
6868 
6909 6920 6701 66899 5071 5054¢ 
6864 
6897 6909 6691 66714 5073 5056 
6910 6918 6706 6697" 5076 5070! 196) 
6870 7 
6906 6913 6701 66834 5076 50604 
6867 — 
-Br 6924 6930 6714 6711 5079 5075 
-COCH, 6920 6928 6709 6707 5083 5078 
-Cl 6923 6934 6713 6711 5082 5079 
p-SCN 6942 6952 6730 6734 5088 5089 
m-CF, 6930 6934 6720 6719 5089 5089 
m-NO, 6938 6943 6725 6729 5094 5094 
COCH, 6947 6962 6732 6740 5095 - 5099 
)- SOL 'H, 6954 6965 6739 6747 5096 5099 
COOH 6944 6937 6734 6738 5097 5099 
CN 6956 6964 6738 6742 5100 5105 
-NO, 6964 6968 6743 6748 5104 5110 
o-Substituted compounds 
2 -( 'H,- 4-N(( sie 6850 6827 6652 6633 5045 5030 
-OC,H, 6912 6916 6696 66624 5052 5030¢ 
6862 
2:5-(OC,H,-n), 6917 6920 6697 66774 5056 5O38e 
6873 
2:5-(OC,H,), 6919 6919 6699 66774 5057 5036¢ 
6878 
»-OCH, 6916 6920 6697 5056 5O028* 
6862 - 
2:5-(OCHs), 6921 6923 6700 5060 
2:4:6-Cl, 6946 6949 6713 : 5060 5060 
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Near-infrared N 


H bands of primary aromatic amines in chloroform solution 


Table 1—(contd.) 


v(em~?*) 


Substituent Ist overtone asymmetric Ist overtone symmetric Combination 


CC! 


CHCl, CCl, CHCl, ccl, CHCI, 


34. o-SO,CH, 6886 6897 6740 6742 5066 5071 
6633 6657 
35 o-Br 6925 6924 6695 6696 5066 5066 
36 | o-CH, 6900 6910 6697 6693 5071 5066° 
6861 
37 | 2:4:5-Cl, 6940 6948 6714 6717 5071 5071 
38 | 2:4-Cl, 6934 6936 6710 6710 5072 5073 
39 | «o-Cl 6933 6934 6707 6707 5072 5073 
40 o-NO, 6986 6988 6796 6792 5OS84 5083 
6690 6700 
41 o-CH,CH,OH 6873 6691 66734 5063 5056 


* The numbering system used in our earlier work with these compounds {2} has been retained, but new 
data are not reported for compounds 6, 25 and 31. 
» Two frequencies are given where the asymmetric band is clearly composed of two components. The 


underlined value represents the maximum. 
© The O—H band seriously overlaps the N—H band. 
4 Broad, flat maximum. 
¢ The maximum frequency is fairly well defined, but at 2 or 3 per cent below the maximum the band is 
quite broad due to strong extra absorption on the high-frequency side. 
! Same as (e) except the extra absorption is on the low-frequency side. 


17 
96] 


noting. When the asymmetric band is distinctly shifted to a lower frequency in 
chloroform, the shift is 5 to 10 em~ greater than that observed for the corresponding 
symmetric band | Fig. l(a)]. Also, the amines which show the broad, flat symmetric 
bands in chloroform have asymmetric bands with two fairly well-resolved compon- 
ents [Fig. 1(b)]. The high-frequency components fall at frequencies 5 to 10 em 
higher than those of the asymmetric bands in carbon tetrachloride, and the low- 
frequency components are shifted 30 to 40 em~! toward lower frequencies. 

The relative positions of the combination N—H bands in chloroform and in 
carbon tetrachloride solutions are also similar to those shown for the symmetric 
overtone bands in Fig. 2. Many of the spectra in chloroform solution show very 
distinct shoulders and others have broad, flat bands, but there is no clear-cut 
separation into two components. With linear wavelength recordings, the wave- 
length shifts and the separation of the shoulders from the main bands appear 
comparable to those found with the overtone bands, but on a frequency basis the 
shifts of the combination bands are only 15 to 20 em~! compared with shifts of 20 to 
40 cm~! for the overtone bands. 

The formation of hydrogen-bonded complexes between chloroform and amines 
such a triethylamine and pyridine is well established [10-12]. Krurcer and 


Hueerns, G. C, and J. N. Suooriery, J. Chem. Phys. 28, 1244 (1955). 
[11] G. M. Barrow and E, A. YerGcer, J. Am. Chem. Soc. 76, 5247 (1954). 
[12] R. C, Lorp, B. Nour and H. D. Stipnam, J. Am. Chem. Soc. 77, 1365 (1955). 
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Table 2. Intensities of the near-infrared N—H bands of primary aromatic 
amines in carbon tetrachloride and in chloroform 


Peak molar absorptivity (1. mole~! 
Total integrated molar 
lst overtone lst overtone absorptivity of lst overtone bands® 


asymmetri symmetric Combination (lL. mole~! em~*) 


CHCI, CL, CHC), CHCI, 


m- ituted compounds 


0-000 
0-069 
+ 0-009 
0-138 
0-227 
O15 
0-391 
0-306 
0-373 
0-699 

1-50 

1-63 

1-54 

1°57 

1-80 

stituted compou 


vertone bands were taken from lines drawn between 1590 and 1415 main C¢ 1,and between 
vances at 1920 my were taken as the background corrections in the combination region. 
wint of maximum absorption in each solvent. 
mpounds 
and [14] except where noted otherwise. 

make these \ es parable to 

VANDEN Ie inal, Chem. 25, 

icta 39, S18 (10 

LE, J. Am. Chem. Soc. $4, 3469 (1932 

btained because of overlap with the O-H band. 


~o 


THompson have interpreted the frequency shifts of the fundamental N—H stretch- 
ing bands of aniline in chloroform in terms of hydrogen bonding [3]. The frequency 
shifts observed in the present study are presumably due to complex formation 
according to the equation: 


: 
No.' 
| pk, of 
CC), CHCl, 
1 0-143 0-091 1-27 0-99 368 7-964 —0-425 
2¢ 0-170 0-105 1-31 1-01 1-31 1-21 368 0-4368 
3 0156 1-25 0-92 1-35 1-15 363 331 5-25h 0-25 
eit: 4 0-160 0-093 1-25 0-93 1-41 1:17 361 327 5-40! 0-268 
eg 5 0-166 0-084 1-25 0-89 1°55 1-21 350 318 515% O17 
7 0-247 O-124 1-34 0-89 1-72 1-24 i 0-15) 
0-164 O-OT7 117 1-57 
0-162 O7s 1-19 Osl 1-46 
10 0-235 0-113 1:54 1-67 
ll 0-168 0-089 1:25 O-s4 1°35 
12 0-173 0-002 1-29 O-s6 1-63 
13 0-166 0-082 117 1-48 
14 0-217 121 1-31 1-63 
15 0-102 o-112 1-20 1-60 
16 0-202 0-105 1-26 O-S3 1-65 
17 0-292 0-190 1-47 1-13 185 
18 0-200 O-118 1-27 O86 1-73 
19 0-280 158 1-39 0-97 1-05 
20 0-341 0-251 1-66 1-28 2-04 
21k 0-276 1-30 
0-504 1-26 
23 0-318 247 1-60 1-28 2-07 
24 0-450 0-425 1-82 1°55 2-18 
o-Sub 
26 0-129 0-081 1-21 119 1’) 17 S15 
27 O-154 0-054 1-21 O-s4 1-69 1-28 329 299 4:47" TOT 
28 0-152 0-069 1-23 1-95 1-40 333 304 3-964 
29 0-169 0-083 1-21 O-s2 1-30 1-30 347 300 3-944 
30 O-154 0-086 1-22 0-83 1-69 1-25 328 208 450° 17 
32 0-169 0-088 1-20 1-02 1-35 351 20 7 96 
33 0-330 0-210 1-50 1-08 2-93 2-03 328 295 0-034 . : 
i 34 0-269 0-169 O75 0-54 2-53 2-32 320 269 0-334 
O77 O-6s 
35 0-236 0-118 115 2-10 1-48 308 279 2-55! 
6 0-166 0-084 1-18 0-77 1-55 1-09 $15 293 4-53 
0-310 0-188 1-48 107 2-20 1-62 S51 316 1-094 
3x 0-266 0-145 1-40 1-09 1-44 343 309 2-934 
0-221 0-112 1-22 0-83 1-97 1-34 280 2-71! 
40 0-438 0-401 114 2-61 2-22 $31 30 
41 0-153 0-116 0-79 0-65 1-52 1-24 i i 4-294 
® Background corrections for the 
1590 and 1425 mya in CHCI,: the at 
Peak absorptivities were taken at 
Table 1 for identification 
; e determined in this lal 
sured absorptivities div 
M. VANDENBELT, C. HEN 
WILLI and W. 
F. HALL and M. R. SPRIN 
at va i not te 
mated from plot of pA, vs 
slight soluble in OCl, 
1M. A. Pav and F. A. Long, Chem. Revs. 87, 1 (1957). 
H H 
R—N: + H—CCl, = R—N -- H—CCl, (1) 
i H 
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Near-infrared N——H bands of primary aromatic amines in chloroform solution 


The shift of the chloroform C—H band near 1409 my (7097 cm~) to lower 
frequencies in the presence of amines provides evidence that the hydrogen bond is 
of the N ---- H—C type rather than of the N—H --- - Cl type. 

The results shown in Fig. 2 can be interpreted qualitatively by making the 
reasonable assumption that the position of the equilibrium in equation (1) shifts to 


CM. 


FREQUENCY IN CHLOROFORM, 


' ' | | 
6620 
6620 6700 6740 6780 


FREQUENCY IN CARBON TETRACHLORIDE, CM. 


Fig. 2. Effect of solvent on the first overtone N—-H symmetric stretching frequency of 
primary aromatic amines (line represents zero frequency shift). @ o-Substituted com- 
pounds; m- and p-substituted compounds. 


the right as the base strength of the amine increases. For the stronger amines in the 
series, such as the p-phenylenediamines and the p-alkoxyanilines, a large part of the 
total amine present is hydrogen-bonded with chloroform, and only one well- 
defined band, shifted to lower frequencies by from 25 to 30 em~!, is observed. As 
the base strength of the amine decreases, the proportion of unbonded amine 
present increases, and the N—H bands are either broad and flat due to overlapping, 
or they are fairly well separated into two components. Finally, with the weakest 
amines in the series, very little of the hydrogen-bonded form is present, and the 
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maxima fall at about the same frequencies in chloroform and in carbon tetrachloride. 
The low-frequency shoulders observed in these spectra of chloroform solutions are 


then due to the hydrogen-bonded species. 
The shift of the hydrogen-bonded N—-H bands of o-methylsulfonylaniline and 
o-nitroaniline (compounds 34 and 40) to higher frequencies in chloroform may be 


due to an interaction between the ortho substituent and chloroform that results in 


weaker intramolecular hydrogen bonds. 


Peal ahsor yar subatitue nf constants 


The data in Table 2 show that the peak absorptivities of the N--H bands are 
consistently lower in chloroform than in carbon tetrachloride solution. The 


absorptivity ratios vary from 0-47 to 0-95 for the first overtone asymmetric bands, 


from 0-63 to 0-85 for the first overtone symmetric bands, and from 0-67 to 0-92 for 


the combination bands. In Fig. 3 the ratio of the molar absorptivities of the first 


overtone stretching bands of m- and p-substituted anilines in chloroform and in 


carbon tetrachloride solutions are plotted against Hammett's o-constants for the 


substituents [13, 14 Although the relations for the symmetric and asymmetric 


bands differ in detail, their gross features are similar. The intensity ratio decreases 


as the electron-donating power of the substituents decreases, then passes through a 


minimum with substituents that are weakly electron-attracting, and _ finally 


increases again with strongly electron-attracting groups. The expressions 


= 0683 — 0-101X 


and 


mossy 


where Y is the absorptivity ratio and X is the substituent constant, describe the 


relations for the symmetric and asymmetric bands, respectively; the standard 


deviations are 0-023 and 0-032 in the same order. 


While no theoretical significance can be attached to equations (2) and (3), the 


results are qualitatively consistent with the explanation presented in the preceding 


section to account for the observed frequency shifts. With a very weak amine in 


chloroform, the concentration of the hydrogen-bonded species is low, and the 


maximum occurs at about the same frequency as in carbon tetrachloride. The 


absorptivity at the maximum is a measure of the relative concentration of the free 


amine, so the value in chloroform approaches that in carbon tetrachloride. With a 


stronger amine such as aniline, the maximum in chloroform falls at a frequency 


intermediate between those characteristic of the free and the bonded species. 


Since both species have relatively low absorptivities at the intermediate frequencies, 


the apparent absorptivity is much lower in chloroform than in carbon tetrachloride. 


The absorption of the hydrogen-bonded species becomes relatively more important 
with the strongest amines in chloroform, and the maximum approaches the fre- 
quency that is characteristic of the bonded N—H group. As the apparent absorp- 
tivity is then measured close to the point of maximum absorption of the major 


13) L. P. Hamuerr, Physical Organic Chemistry pp. 186-94. McGraw-Hill, New York (1940). 
14) H. H. Jarre, Chem. Revs. §3, 191 (1953) 
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species present, the absorptivity ratio again increases. The sharper curve for the 
asymmetric band, the lower value of the ratio at the minimum, and the occurrence 
of the minimum closer to a o-value of zero reflect the better separation of the free 
and bonded asymmetric bands that was discussed in the preceding section. 

The general shape of the absorptivity ratio vs. ¢ plot for the combination band 
is similar to that for the symmetric stretching band, but the curve for the combin- 
ation band is somewhat sharper and shifted slightly to the right. With strongly 
electron-donating substituents, the absorptivity ratio for the combination band is 
considerably greater than the ratio for the overtone band. The equation 


0-735 0-254X 0-276X2 (4) 


describes the relation for the combination band with a standard deviation of 0-027. 

An attempt was made to relate the absorptivity ratio with Brown's [15] o°- 
and Hammett’s o-values by using two linear equations, one for electron-donating 
substituents and another for electron-attracting substituents. These lines inter- 
sected at a-values of from 0-2 to 0-4 instead of near zero, and the deviations were of 
the same order of magnitude as those obtained using the quadratic equations. 
Considering the multiple factors involved in the absorptivity ratio, the fact that 
no simple relation exists between it and o is not surprising, and it does not seem 
wise to try to justify one. On the other hand, one might expect to find a linear 
relation between o and the equilibrium constants for formation of the hydrogen- 
bonded complexes. Work on the determination of the constants needed to check on 
this relation is now in progress. 


Absorptivity ratio vs. acid dissociation constant 


The relations between structure and solvent effect on intensity can also be 


studied using the acid dissociation constant of the amine instead of o as the struc- 
tural parameter. While the two treatments are equivalent for m- and p-substituted 
anilines, the use of pA, instead of o allows one to extend the study to include 
ortho-substituted derivatives. Plots of absorptivity ratio vs. pA, are shown in 
Fig. 4 for the combination and first overtone symmetric stretching bands. The 
curves were obtained by a statistical treatment of the data for the m- and p- 
substituted derivatives, excluding N:N-diethyl-p-phenylenediamine. By analogy 
with aniline and N:N-diethylaniline which have pK, values of 4:58 and 6-56, 
respectively [16], the second acid dissociation constant of N: N-dialkyl-p-pheny- 
lenediamines must indicate the basicity of the tertiary rather than the primary 
amino group. Thus, the relation between the intensity of N—H absorption and pK, 
would not be expected to hold for these compounds. 

Considering the combination band first [Fig. 4(b)], the relations established for 
m- and p-substituted compounds are valid for many of the o-substituted derivatives, 
but there are a few striking exceptions. For example, the absorptivity of o-f-hydroxy- 
ethylaniline (compound 41) in chloroform is higher than would be expected from 
the pK, value. The band of this amine in carbon tetrachloride is relatively broad, 
presumably due to intramolecular hydrogen bonding, so the small shift of the 


15] H. C. Brown and Y. Oxamoro, J. Am. Chem. Soc. 79, 1913 (1957). 
[16] H. C. Brown and A. Cann, J. Am. Chem, Soc. 72, 2939 (1950). 


624 


17 


|_| 
7} 


Near-infrared N—H bands of primary aromatic amines in chloroform solution 


maximum in chloroform has relatively little effect on the absorptivity. Also, steric 
hindrance may be more important in the formation of the chloroform complex 
than in the simple protonation of the amine. 

The absorptivity ratios for 2:4: 6-trichloroaniline and o-nitroaniline (compounds 
33 and 40) are considerably lower than those predicted from the pK, values of the 


T 


ge--- 


€ IN CHLOROFORM 
IN CARBON TETRACHLORIDE 


€ 


Fig. 4. Relations between acid dissociation constant and solvent effect on peak molar absorp 

tivity for ring-substituted anilines: (a) first overtone N—H symmetric stretching band; 

(b) combination N—H band (least squares lines drawn through the points for m and p-sub 

stituted compounds excluding compound 1). @ o-substituted compounds; m- and 
Pp substituted compounds, 


amines. To a smaller extent. this is also true for 2:4:5-trichloroaniline. These 


compounds have unusually high absorptivities in carbon tetrachloride, presumably 
due to intramolecular hydrogen bonding effects. A reasonable explanation for the 
low absorptivity ratio is that the interaction of chloroform with the o-substituents 
results in weaker intramolecular bonding and in a more normal value for the com- 
bination absorptivity. No explanation can be offered for the fact that the absorp- 
tivity ratio for o-methylsulfonylaniline (compound 34) follows the general relation, 
whereas that for o-nitroaniline does not. 
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The distinction between ortho-substituted and m- or p-substituted amines is 
more pronounced in the plot of the absorptivity ratio of the symmetric overtone 
band vs. pK, than in the corresponding plot for the combination band [ Fig. 4(a)]. 
In addition to 2:4:6-trichloroaniline (compound 33), the other orthohalogenated 
amines (compounds 35 and 37-39) exhibit lower absorptivity ratios than m- or 
p-substituted amines of comparable base strength. The magnitude of the difference 
increases with increasing halogen substitution (compounds 38 and 39) and with 
increasing o-substitution (compound 33 and 37). Since the absorptivities of the 
symmetric bands of these amines in carbon tetrachloride are somewhat higher than 
the average, the discussion in the preceding paragraph is also applicable here. 

The low-frequency components of the symmetric bands of o-methylsulfonylani- 
line and o-nitroaniline (compounds 34 and 40) exhibit absorptivity ratios from 5 to 
10 per cent weaker than those predicted from the p&, values. The low ratios, and 
the shifts of the bands to higher frequencies in chloroform, are indicative of solvent 
interaction with the hydrogen-bonded oxygen atoms. Much lower absorptivity 
ratios are observed for the high-frequency components of the bands. A possible 
explanation for this effect is that hydrogen bonding between chloroform and the 
free oxygen atom decreases the resonance interaction of the nitro or the methyl- 
sulfonyl group with the amino group and that this change results in lower absorp- 
tivities for the free N—H bands. 

The absorptivity ratio vs. pX, plot for the asymmetric overtone bands is 
qualitatively similar to the one for the symmetric bands. The distinction between 
o-halogenated amines and m- and p-substituted amines of comparable base strength, 
however, is more pronounced in the case of the asymmetric bands. Also, the 
asymmetric bands of o-nitroaniline and o-methylsulfonylaniline respond quite 
differently to the change of solvents whereas the symmetric bands of these two 
amines behave similarly. 


Integrated absorptivities 

The combined integrated molar absorptivities of the symmetric and asymmetric 
first overtone N—H bands are shown in columns 8 and 9 of Table 2. While the 
integrated absorptivities in both solvents vary over a rather wide range, the ratio of 
the absorptivities is relatively constant. The average ratio is 0-91, with the 
individual values ranging from 0-84 to 1-00 and the standard deviation being 0-035. 
There is no apparent correlation between the absorptivity ratio and the base 
strength of the amine. 
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Dispersion et absorption de quelques liquides 
organiques dans l’infrarouge 


J. Vincent-GeisseE et J. A. Lapp* 
Laboratoire de Recherches physiques, Sorbonne 


(Received 24 December 1960) 


Abstract—Using an interferometric method, together with one of limiting refraction, the refrac- 
tive indices of 1:1:2:2-tetrabromo and 1:1:2:2-tetrachloro ethane have been measured between 


the visible region and 16 4, and that of bromoform has been extended to 17 4. These dispersion 


data have been used to estimate intensities for all but the weakest absorption bands. 


Les mesures d’indices de réfraction dans | ’infrarouge sont intéressantes plus d’un 
titre. Celles que nous avons effectuées ici étaient destinées & la détermination des 
intensités des bandes infrarouges observées; nous les avons étendues toutefois de 
part et d’autre de ces bandes de maniére a obtenir indice de réfraction depuis le 


visible jusqu’a 16 


Principe des mesures de dispersion 
Entre 2 et 16 yw, les indices ont été déterminés au moyen de spectres cannelés 
obtenus avec plusieurs cuves d’épaisseurs variées. Entre le visible et 2 4, nous 
avons utilisé la méthode de réfraction limite. Nous ne reviendrons pas sur le détail 
des mesures, ces méthodes ayant été expliquées précédemment [1]. Les faces des 
cuves étaient constituées, soit par des lames de sel recouvertes d'une couche mince 


de pentaséléniure d’arsenic, soit par des lames épaisses de bromo iodure de thallium. 
Enfin des vérifications out été faites en quelques points au moyen de filtres de 
Christiansen de poudres d’indices connus dans les liquides étudiés. La précision sur 


lindice varie de 10~* pour les mesures réfractométriques, & 5 x 10-* pour les 
mesures interférentielles, la température étant voisine de 20 a 2°C prés. 


Resultats des mesures de dispersion 
Trois liquides organiques ont été étudiés: le bromoforme et les tétrachloro- 
1:1:2:2 et tétrabromo-1:1:2:2 éthane. 


Bromoforme 

Son indice avait été mesuré par PrrTMANN [2] jusqu’éa 13 ~. Nous avons repris ces 
mesures depuis 5,5 uv et les avons étendues jusqu’a 17 « de maniére a englober la forte 
bande de 15 uw. La Fig. | montre les résultats obtenus. [ls différent légérement de ceux 
de PirTMANN entre 5,5 et 8,5 uw. On observe deux régions d’anomalies pour l’indice: 
celle de 8,7 « correspondant a une bande de vibration de cisaillement CH, et celle de 
15 uw correspondant a une fondamentale de valence CBr et 4 une bande de combi- 
naison (Tableau 1). 


* Maintenant au Laboratoire Edward Davies, University College of Wales, Aberystwyth (G.B.). 


] J. Vincent-Geisse et J. Lecomre, J. phys. radium 20, 841 (1959). 
| M. A. Prrrmann, J. Opt. Soc. Am. 29, 358 (1939). 
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Fig. 1. Courbe de dispersion du bromoforme. 


Tableau 1. Bromoforme 


Nombre d’ondes Intensités 
Nature de la bande 


(em~?) (em™~*) 


y, valence CBr (655 
+ combinaison 1693 


vy, déformation CH 1145 


Tétrachloro et tétrabromo éthane 


Ces deux composés se présentent sous deux formes, trans et gauche, en équilibre, 


la forme gauche, moins symétrique, donnant lieu & des bandes d’absorption plus 


nombreuses. La Fig. 2 donne les courbes de dispersion obtenues entre le visible et 
15 uw, et le Tableau 2 la position et la nature des bandes donnant lieu, compte tenu 
de la précision de nos mesures, & des anomalies de dispersion; une accolade réunit 
les bandes entre lesquelles aucune mesure d’indice n’a pu étre faite. 


Principe des caleuls d’absorption 


La connaissance de l’indice de réfraction au voisinage d’une bande permet de 
calculer facilement | intensité de cette derniére. Partons des formules de KETTELER— 
HELMHOLTZ relatives & une seule bande d’absorption 


— v*) 
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al 
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vgest le nombred’ondes de la vibration considérée, [ et D des constantes, n, représente 
la valeur que prendrait l’indice » au nombre d’ondes vy, en l'absence de la bande. 
L’intensité se définit comme l’intégrale du coefficient d’ absorption A = fkdy. En 
nous placant au voisinage de v,, ces formules se simplifient et la seconde permet 


A, - 
- Fig. 2. Courbes de dispersion: en haut, tétrabromo-1:1:2:2 éthane; en bas, tétrachloro- 
hl 
961 Tableau 2 


C,H,Cl, C,H,Br, 
Nature de la bande 
Nombre d’ondes_  Intensités Nombre d’ondes  Intensités 


Valence CCl f gauche 740 

Valence CCl f trans {756 

Valence CCl ou CBr f gauche | 795 - 701 
Valence CCl ou CBr f gauche 801 712 
Valence CC f gauche 1018 1010 
Déformation CH f trana (1204 3,2 > 1136 
Déformation CH f gauche 11279 9 x 1244 
Harmonique et combinaison 2380-2560 2200-2500 
Valence CH f trans et gauche 2980 2985 


alors de calculer A en supposant, en premiére approximation, l’indice m constant et 
égal a mp, 
A ~ fx dv 
En intégrant, remplagant D par sa valeur en fonction de A, et désignant par A la 
demi largeur de raie, nous obtenons alors, 
— v?) 
(v9? — v2)? + 4A2y2] 
Av 
9 9 9\o 9 
( + 4A*y*] 
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Nous n’avons introduit ici aucune hypothése simplificatrice par rapport aux 
formules (1), mais la constante A ne représente rigoureusement |’intensité de la 
bande que si celle-ci n'est pas trop forte. Pratiquement, ces formules se simplifient 
toujours, 4 l'approximation obtenue dans nos mesures, si l'on remarque que l'on 
n’atteint pas le centre méme des bandes, et que dans ces conditions, le terme 
4A*y? se montre négligeable. On a alors 


n* — n,* 3) 
Cette formule trés générale est susceptible d'autres simplifications dans des cas 


particuliers que l'on rencontre trés souvent en pratique; toutes les fois que » 
différe peu de ny, la relation (3) s écrit 


(4) 


Enfin si l'on reste de plus, au voisinage immédiat de la bande considérée, on a: 


A 


n 
y) 


(5) 

Ces formules fondamentales nous permettent de calculer l'intensité A quand on 
connait la courbe de dispersion; KAGARISE [3] utilise, a cette fin, expression (3); 
de notre cété nous avons essayé les différentes formules et trouvé, au voisinage des 
bandes, que (5) rendait compte des valeurs expérimentales aussi bien que (3) 
d’application beaucoup moins simple. Dans ces conditions, notre caleul de A 
s'effectue pratiquement de deux maniéres: 

(a) Si l'on connait », sans ambiguité, on construit la courbe représentant n en 
fonction de 1/(x, — r), cette courbe doit étre une droite dont l’ordonnée a | origine 
représente la valeur n, et dont la pente est proportionnelle a l’intensité. 

(b) Si l'on ne connait pas »,, ce qui se présente lorsque plusieurs bandes trés 
rapprochées ne permettent de calculer que l'intensité globale, on peut tout de méme 
déterminer A ainsi que v, aprés avoir calculé l'indice n, par extrapolation des 
valeurs de n situées avant la bande considérée. L’équation (5) nous conduit alors a 
représenter 1/(n n,) en fonction de vr. 

Suivant le cas, nous avons utilisé l'une ou l'autre de ces deux méthodes; nous 
allons maintenant donner les détails de leur application dans quelques cas particu- 
liers. 

Détermination des intensites 

Elle s’effectue en commencant par les bandes les plus intenses dont | influence 
doit se montrer prépondérante sur | indice. En ce qui concerne les corps étudiés, ces 
bandes sont celles comprises entre 655 et 801 cm~! et formant des groupes insépar- 
ables. 


Bandes 4 655 et 693 cm de CH Br, 


On ne connait pas ry, 4 priori, mais l'extrapolation des données du visible et du 
proche infrarouge, au moyen de la formule de Caucnuy, fournit la valeur n, = 1,564, 


(3) R. E. Kacanrise, J. Chem. Phys. 31, 1258 (1959). 
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La Fig. 3 représente l’application de la méthode (b) ci-dessus. Les pointss’alignent 
sensiblement et on lit sur la courbe », = 655 em~, ce dernier résultat n’a rien de 
surprenant car, a la précision de nos mesures, l’intensité de la bande v, + v, est 
probablement négligeable par rapport a celle de », et le centre pondéré des deux 


1/(n-n,) 


Fig. 3. Bande du bromoforme a 655 cm. 


+, 


Fig. 4. Groupe de bandes du tétrachloro-1;:1:2:2 éthane a 782 cm~!. 


bandes pratiquement confondu avec la position de »;. Nous mesurons la pente de 
la droite et en déduisons lintensité A; = 2 x 10-°cem~* (Tableau 1) avec une 
précision de 10 pour cent environ. 


Bandes de vibration CC| ou CBr de C,H,Cl, et C,H,Br, 


Nous utilisons la méme méthode que précédemment. La Fig. 4 montre la droite 
obtenue dans le cas du tétrachloro, en prenant m), = 1,481, on a alors », = 782 et 
A = 2,2 x 10° em~* (Tableau 2). La précision est moindre que pour le bromoforme, 
puisque nous n’avons qu'une seule branche de courbe au lieu de deux. Dans le cas 


2 


du tétrabromo, nous avons pris % 1,598 et obtenu A 9,7 x 104 cm-. 


Autres bandes 


Ces fortes bandes mises A part, nous connaissons la fréquence de chacune des 
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autres, et nous appliquons done dans tous les cas la méthode (a). En ce qui con- 
cerne les bandes de C,H, Br, & 1136 et 1244 cm~', aucun probléme ne se pose; les 
points expérimentaux salignent bien, et on calcule facilement les intensités 
(Tableau 2). Par contre, si nous construisons le graphique correspondant mainten- 
ant aux bandes les plus proches des bandes fortes, une difficulté se présente; la Fig. 5 
represente a titre d exemple, les points correspondants a la bande a 1018 em~! de 


1 


Fig. 5. Bande du tétrachlor 1:2:2 éthane a 1018 cm 


C,H,Cl,; les points correspondant aux grandes fréquences s’alignent A peu prés 


sur une droite, mais les autres se placent systématiquement au-dessous de cette 
droite. Cela laisse supposer que indice est de ja affecté par le voisinage de la bande 
forte. Pour véritier cette hypothese, il suffit d’ajouter un second terme dans la 
formule de KerTreLeR-HELMHOLTZ, ou autrement dit, de corriger l'indice mesuré 
d'une quantité An due au voisinage de la grande bande. Dans ce cas on ne peut 
plus faire Vhypothése de proximité, vr ~ v,’, et nous devons appliquer la formule (4), 
A’ 
An 
*) 
A’ et »,' représentant les constantes relatives a la bande intense. La Fig. 5 nous 
montre les points obtenus apres correction; nous voyons qu ils s’alignent mainte- 
nant aux erreurs d'expérience prés, en nous fournissant la valeur satisfaisante 
1,478. 
Nous avons calculé de la méme facon, | intensité de la bande du bromoforme a 
1145 em~'. En ce qui concerne celle du tétrabromure 4 1010 em~!, la correction, due 


No 


a la proximité de la grande bande, se montre beaucoup moins importante, et de ce fait, 
la bande située de l'autre cété a 1136 cm~' a une action non négligeable; les deux 
corrections s égalent sensiblement au centre. La Fig. 6 montre les points avant et 
apres correction. Les intensités des bandes de C,H,Cl, & 1204 et 1279 cm~ ont été 
calculées en dernier lieu, aprés addition a l’indice mesuré d’un terme correctif da au 
groupe 740-810 cm,~' mais nous navons évidemment qu'une seule demi-droite 
pour chaque bande. 

Nous avons tenté également de mesurer par cette méthode l'intensité des 
bandes de valence CH a 2980 et 2985 cm~'. Toutefois, dans ce cas, les variations 
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d'indice observées se montrent peine supérieures a l'incertitude sur l’indice, et l'on 
nobtient qu’un ordre de grandeur de |’intensité. 

Les Tableaux | et 2 réunissent les résultats obtenus. Il est naturellement intéres- 
sant de les comparera ceux quedonnent d'autres méthodes. En particulier,des auteurs 
russes ont déterminé, dans un article récent [4], les intensités des bandes du bromo- 
forme et trouvent 

A, 13 x 10° et A, = 3,3 104 


c'est a dire des valeurs sensiblement plus faibles que les nétres. Comme ils font 
leurs mesures par absorption et intégration, et qu ils ne signalent pas s ils ont ou non 


+n mesure 


rige 


Fig. 6. Bande du tétrabromo-1:1:2:2 éthane a 1010 em-'. 


effectué une extrapolation a épaisseur nulle et une correction pour les ailes, nous 
pouvons supposer que ces derniéres n’ont pas été faites et que leurs résultats se 
trouvent ainsi entachés d'une erreur notable, par défaut, ce qui expliquerait la 
divergence observée. Ces mémes auteurs donnent, par ailleurs, la demi largeur de 
bande et la valeur maximum du coefficient d’absorption k. 

Il aurait été intéressant également de calculer ces grandeurs de notre cété. Le 
caleul de A exigerait des mesures de n trés prés de la fréquence », de maniére a 
observer des déviations par rapport aux formules (3) ou (5); la deuxiéme équation 
(2) nous donnerait alors la valeur de « en chaque point, et en particulier sa valeur 
maximum. ‘Toutefois nos mesures d’indices ne nous ont jamais permis d’aller assez 
loin & l’intérieur des bandes pour observer de telles déviations. 


Conclusion 

Les mesures directes d’intensité, par absorption, se montrent relativement 
faciles sil s'agit de bandes faibles. Dans le cas des bandes fortes, au contraire, elles 
présentent des difficultés considérables, et les résultats sont souvent entachés de 
grandes erreurs. 

La méthode, que nous proposons ici, s'applique au contraire sans difficulté aux 
bandes fortes et moyennes. Son extension aux bandes faibles demanderait une 
précision accrue des mesures d’indices. Enfin son application au calcul des con- 
stantes d’absorption exigerait des mesures a | 'intérieur méme des bandes: c'est ce 
que nous nous proposons de faire dans un proche avenir. 

Remerciements—Ce travail a été effectué au Laboratoire de Recherches physiques a la Sorbonne, 
sous la direction de monsieur JEAN Lecomre, directeur de recherches. Nous prions monsieur 
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“N isotope shifts of Sane frequencies of 
pL-alanine 


M. Tsvupor,* T. TAKENISHIt and A, NAKAMURAT 
(Received 5 January 1961) 


Abstract—!°N isotope shifts of the vibrational frequencies of pL-alanine have been observed in 
the spectral region of 1700-530 em™!. On the basis of these observations, some comments have 
been made on the assignment of each band observed. 


Introduction 
Tue interpretation of the infra-red spectrum of pL-alanine has been made on the 
basis of a normal co-ordinate treatment [1—3] and a comparison of the spectrum 
with those of N-deuterated alanines, C-deuterated alanines, alanine hydrochloride, 
isobutyrate ion, and some other related compounds [1-4]. The purpose of this 
paper is to present another clue to the interpretation, i.e. the results of the examin- 
ation of the }°N isotope effects upon the vibrational frequencies of DL-alanine, 
with some discussion. 

Experimental 
Preparation of pu-1®N-alanine 

Ammonium sulphate containing over 98 per cent '5N was purchased from the 

Institute for Physical and Chemical Research, Kamifujimae, Tokyo, Japan. From 
this (°NH,),S8O,, isotopic DL-alanine was prepared via the following steps: 


CO 
MPN—CHCOOC,H, *CHCOO- 


CH, 


The procedure first originated by SCHOENHEIMER and RATNER [5] and later 
modified by MayMinp et al. [6], was followed. 


From an aqueous solution of 0-5 g of (!°NH,),SO,, }°N-ammonia was liberated 
by addition of concentrated KOH aqueous solution. The '®°N-ammonia was dis- 
tilled with a stream of nitrogen gas into a suspension of an equimolar amount of 


* Department of Chemistry, Faculty of Science, Tokyo University, Hongo, Tokyo, Japan, 
+ Central Research Laboratory, Ajinomoto Co. Inc., Kawasaki, Kanagawa, Japan. 


|} K. T. T. and 8. Mizusuima, Spectrochim. Acta 15, 236 (1959). 
K. Fuxusuma, Nippon Kagaku Zasshi 79, 370 (1958). 
Suzuki, T. Osnima, Tamiya, K. Fuxkusnima, T, and 8. Mizusnuima, Spectrochim. 
Acta 15, 969 (1959). 
M. Tsusor and T. Takenisui, Kagaku no Rydiki, Zokan 37, 41 (1959). 
5) R. ScHoENHEIMER and 8, Ratner, J. Biol. Chem. 127, 301 (1931). 
V. J. K. M. and M. M. SHemyakiy, Zhur. Obshchei Khim. 26, 2313 (1956). 
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phthalic acid in water. The solution was concentrated to dryness and dehydrated 
by heating to '®°N-phthalimide. Then the resulting }°N-phthalimide was converted 
to potassium !®°N-phthalimide with KOH ethanolic solution following the procedure 
given by SaALzBerG and SpnrewskI [7]. Ethyl 
was obtained from potassium '°N-phthalimide by heating at 150°C for 5 hr with 
ethyl pL-«-bromopropionate. After recrystallization from ethanol, the phthalimide 
ester was hydrolysed to pL-alanine with a mixture of concentrated hydrochloric 
acid, glacial acetic acid and water (1:1:1 v/v/v). Reerystallization from a small 
amount of water gave almost pure '°N-pL-alanine, whose infra-red spectra was 
identical with that of pure ordinary ('4N-) pL-alanine, except for the small isotopic 
shift of each band detailed below. 

Infra-red absorption measurements were carried out in the spectral region of 
1700-530 cm~', partly by a Perkin-Elmer 112G spectrometer with a KBr fore- 
prism and a 75 lines/mm grating, and partly by a Perkin-Elmer 21 spectrometer 
with a NaCl prism. For the absorption measurements, a few K Br disks of different 
concentrations were prepared of the '°N-pi-alanine as well as of the ordinary 
14N -pi-alanine. 

Results 

Some of the recorded curves of the infra-red absorption spectrum are reproduced 
in Figs. 1, 2 and 3. From such curves the frequencies at the absorption maxima 
(transmission minima) and the frequency shifts due to the isotopic substitution 
were determined. Frequency determinations were made to an accuracy of 0-1 em=! 
for the bands in the spectral region of 1250-530 cm~! by the use of the grating 
instrument. For the bands in the higher frequency region than 1250 cm-', however, 
the frequency determinations were less accurate, partly because of the broadness of 
the bands, partly because of the interference of the water vapour absorptions and 
partly because the grating instrument was not used. In Table 1, the observed 
frequencies at the absorption maxima and the observed isotope shifts are given 
with the approximate assignments. The amounts of the isotope shifts are given not 
only by the frequency, Av (em~'), but also by 

AA ABN) — 


where A = 4n*c*y? (2) 


(1) 


c being the velocity of light and vy the observed frequency (in em~') at the maximum 
absorption. 


Estimated isotope shifts in some ideal vibrations along 
symmetry co-ordinates 
If a certain normal co-ordinate Q, is nearly equal to a certain symmetry co- 
ordinate S,, the following relation should be valid [8]: 


P. L. Satzpere and J. V. Spnrewsk1, Org. Syntheses 1, 114 (1932). 
M. Tsuso1, Spectrochim. Acta 16, 505 (1960). 
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% TRANSMISSION 


i600 cm 
WAVENUMBER 
. Infra-red spectra recorded by a Perkin-Elmer 21 spectrometer of ™N- and VUe 
14N -pi-alanine. 17 
196] 


G and G® being the G-matrices for the '°N and '!N species, respectively. In Table 2 
are given the values of AZ,//,° calculated from equation (3) on the basis of some 
models (shown in the third column), each of which is considered to form a part of 
the alanine molecule. 
Discussion 
The observed !°N isotope shifts mostly have confirmed the assignments made 
previously on other bases [1-3]. None of them form any strong evidence for 


opposing the previous assignments. Some of them give information of the nature of 


the corresponding normal vibrations in more detail, but a few of them are not yet 
fully explained. Discussions of the isotope shift will be given below for each band 
in order, starting from the high-frequency end of the spectral region in question. 


The 1623 band 

This band shows a !*°N isotope shift towards higher frequency, i.e. in the opposite 
direction to that normally expected. This might be only an apparent abnormality 
caused by a low-frequency shift of the shoulder band at about 1650 em~. It is not 
easy to clarify the situation, partly because of the broadness of the 1623 and 1650 
em bands and partly because of the interference of the absorptions of the atmos- 
pheric water vapour. 


The 1594 band 
This strong band shows only a slight '°N isotope shift. This gives support to the 
assignment of this band to the COO~ antisymmetric stretching vibration. 


636 


— T T T 7 
| 
| | | 
| 
| | 
T 
1625. | NY 
4 | 
1893.3 
| 1623) | 
| | | $5340 
+ 
| N 
| 1594.0 
| | 
1650 
Fig. 1 
| 
ese 


“N isotope shifts of the vibrational frequencies of pi-alanine 


and 4N-pt-alanine. 
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Table 1. }°N isotope shifts in the vibrational frequencies of pi-alanine in KBr disks 


Frequency, Shift 
MN species 1°N species Av (em™!) 
1623., 1625., 2 0-002, NH,* deg. def. 
1594, 1593., 0-000, COO” antisym. str. 
1531., 1524. ho 0-007, NH,* sym. def. 
1455., 1455, 0-000, CH, deg. def. 
1411., 1409., 0-001, COO” sym. str. 
1355. 1354., 0-002, CH, sym. def. 
1307., 1306., 0-001, CH bend. 
1237-5 1233-8 3: 0-0060 NH,” rock. 
1148-9 1145-3 3-6 0-0063 C—C—N out -of-phase. str. 
11145 1112-3 2° 0-0039 NH,°* rock. 
1027-8 1027-8 0-0000 
1016-2 1013-7 2:; 0-0049 CH, rock. 
916-1 0-0063 C—C-—N sym. str. 
852°: 849-6 2-4 0-0061 C—C—N sym. str. 
TH9-4 769-4 00-0000 COO” bend. 
646-1 645-8 00-0009 COO” wagg. 
544-8 540-8 0-0146 C—C—N bend. 


Table 2. Estimated °N isotope shifts in some ideal vibrations along symmetry 


co-ordinates 


Symmetry co-ordinate Model 
sym. def. 0-01070 H 


NH,” deg. def. —0-00474 | ‘.-_N*——-H with tetrahedral angles, 


NH,” rock. 0-00559 H 
0-90 A 


NCC str. 0-01829 
NCC “antisvm.” str. 0-01238 - 
NCC bend. 0-O01280 


CCC svm. str. 00000 

C—N str O3067 

CCC bend OO055 ‘C—-H with tetrahedral angles 
NCH bend. O0209 

CCC wag OOLL2; 

CCC antisvm. str 541A 

CCC rock 0-O0O172 1474 A 

CCC twist. 0-00224 ; 107A 


The 1531 em~ band 

This medium-intensity band shows a very great '®°N isotope shift. The only 
possible mode of vibration that causes this amount of '°N isotope shift (|4//2°| > 
0-007) in this frequency region is the NH,* symmetric deformation (see Table 2). 
Therefore, the band in question is assigned with certainty to the NH,* symmetric 
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deformation vibration. The observed isotope shift (0-007,), however, is not as 
great as that (0-0107) expected from the assumption that the corresponding normal 
vibration is the pure NH,* deformation vibration. This fact shows that there are 
couplings between the NH,* symmetric deformation mode and some other modes, 
such as the CH, symmetric deformation and/or the COO- symmetric stretching. 


The 1455 em~ band 
This shows no appreciable '°N isotope shift, and indicates that the corresponding 
normal vibration does not include the movement of the nitrogen atom and that it 


is reasonable to assign this band to the CH, degenerate deformation. 


The 1411 em~ band 

This band shows a relatively small !°N isotope shift, about —0-002 in Aj/2°. 
It is reasonable to assign this band to a vibration in which mainly the COO- 
symmetric stretching takes place. In glycine and N-deuterated glycine, the bands 
assignable to the COO~ symmetric stretching are found, respectively, at 1415 and 
1408 cm~', and their '°N isotopic shifts are —0-0025 and —0-0021, respectively. 
The observed isotope shift of the 1411 em~ band of alanine, as well as the corre- 
sponding one of glycine, may be attributed to a coupling of the C—C—N “‘out-of- 
phase” stretching* motion with the COO~ symmetric stretching. 


The 1356 band 

This strong band has been assigned to the CH, symmetric deformation [2, 3]. 
The observed !°N isotope shift (AA/2° 0-0024) is not contradictory to this 
assignment, but may be taken as indicating a small contribution of the C—C—N 


“out-of-phase” stretching motion. 


1307 em~! band 


T he 


The observed ?°N isotope shift (—0-001,) is almost equal to the expected shift 
(—0-00209) for the N—-C—-H bending motion (Table 2). This gives support to the 
assignment of this band to the CH bending previously made [1-3]. 


238 band 


The 


This band, absent in the N-deuterated alanine | 1,3], has been assigned to one of the 
two NH,* rocking vibrations. This assignment is justified by the observed !°N isotope 
shift, AA/2° 0-0060, which is as great as that (—0-0056) expected for the pure 
NH,* rocking motion. The fact that the observed isotope shift is slightly greater 
than the expected one may be explained by a coupling of the CH,—C—N “‘out-of- 
phase” stretching with the NH,* rocking motion. If the NH,* rocking vibration in 
question is assumed to take place in the CH,—C—N plane, its coupling with the 
CH,—C—N “out-of-phase” stretching vibration should be appreciable, the fre- 
quencies of these two vibrations being close to each other. 


* In this mode, the CH,—C stretching and the C—N stretching take place with a 180° phase differ- 
ence, 
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The 1149 em~ band 
This band shows a great '®N isotope shift (AA/2° 0-0063). This amount of 
shifting suggests a fairly great contribution of the C—N stretching motion to the 
normal vibration in question. An analysis{1, 2] of the normal modes of vibration of 

O H 
the skeleton of the alanine molecule, (—(NH,), revealed that there 
0 (CHs) 

should be a normal vibration at about 1056 em~! to which the main contribution is 
made by the CH,—C-——N “out-of-phase” stretching mode. The 1149 band in 
question may be assumed to correspond to this CH,—C—N “out-of-phase” 
stretching vibration expected. The observed '°N isotope shift, however, is not so 
great as that (A//2° 0-01238) expected for the pure CH,—C—N “‘out-of-phase”’ 
stretching vibration. This fact shows that the contribution of the CH,—C—N 
“out-of-phase” stretching motion is made not only to the normal vibration in 
question but also to other normal vibrations. On the assumption that the contri- 
bution of the CH,—C-——N stretching motion is made only to the three normal 
vibrations of the frequencies 1149, 1356 and 1411 em~', and that no other mode 
with the nitrogen-atom movement makes contributions to these three normal 
vibrations, the sum of the (4//2°)’s of these frequencies would be expected to be 
almost equal to —0-01238. The sum of the observed (Ai/2°)'s is —0-0063 0-002, 
-O-001 . 0-010;. Therefore, the latter assumption may be a better approx- 
imation to the real situation than the former. The remaining difference between 
the expected (—0-01238) and found (—0-0105) values might be attributed to a 
coupling of the CH,—C—N “out-of-phase” stretching and the NH,* rocking 


motions mentioned before. 


The 1115 em=! band 
This band shows a fairly great 15N isotope shift (AZ/7° 0-0039), and is 
assignable to one of the two NH,* rocking vibrations other than the one assigned to 


the 1238 band. 


The 1028 and 1016 em bands 

These two bands may be assigned to the CH, rocking vibrations on the basis of 
their frequencies and on the basis of the comparison with the spectra of other 
related compounds [4]. The 1028 em" band shows no '*N isotope shift, while the 
1016 cm~* band shows a fairly great '}°N isotope shift (A2/7° 0-0049). There- 
fore the former is assignable to almost pure CH, rocking vibration, (probably with 
the transition moment normal to the CH,—C—N plane), and the latter to a 
coupled vibration of the CH,—-C—N symmetric stretching and a CH, rocking. 


The 919 and 852 em bands 


These two bands show !5N isotope shifts of almost equally great amounts. 
CH, 

This fact suggests that both of these bands are caused by CN skeletal 

stretching vibration to which the C—N stretching motion makes an almost equal 


640 


| 
VOL. 

17 

| 196] 

be 


17 
96] 


15N isotope shifts of the vibrational frequencies of pL-alanine 


amount of contribution. On the basis of a calculation of the normal vibrations, 
Fuxvusuma ef al. [1, 2] assigned both of these two bands to coupled motions of the 
CH,—C—N in-phase stretching vibration and the C (carboxylate)—C stretching 
vibrations—the 923 em~! band to (CCN in-phase stretching)—(CC stretching) and 
the 854cm~! band to (CCN in-phase stretching) + (CC stretching). They also 
showed that the contributions of the CCN in-phase stretching vibration to these 
two motions are nearly equal in amount, and this assignment is supported by the 
presently observed '°N isotope shifts. A more detailed analysis, however, of the 
amounts of !5N isotope shifts observed shows that the contribution of the CH,—C—N 


in-phase stretching vibrations is not restricted to these two normal vibrations. 


If it were restricted the sum of these two isotope shifts (|4//2°|) would be close to 
0-0183. The sum is actually 0-0063 + 0-006] 0-0124, much smaller than 0-0183, 
If it is assumed that the contribution of the CH,—C—N in-phase stretching 
vibration is made also to the 1016 ecm~! vibration, the sum is 0-0063 0-0061 
-+-0-0049 0-0173, much closer to 0-0183. 


The 770 and 646 cm~ bands 

Of these two bands, the former shows no '®N isotope shift and the latter only a 
slight shift. These facts give support to the assignment of one of these two bands 
to the COO~ bending vibration and the other to the COO~ wagging vibration. 


The 545 em band 

This band shows a very great 1°N isotope shift (|A///°| = 0-0146). From the 
amount of this isotope shift, this band is assigned to a C—-C—N bending vibration 
rather than to the COO~ rocking vibration [2]. 
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Abstract——The course in time of ion concentration and field strength in a spark channel has been 
determined with the aid of time-resolved spectra. Using experimentally determined wavelength 
shifts of spectral lines, the field strength and ion concentrations are calculated from equations 
derived by Unsétp and Houtsmark. In the spark channels of Mg, Zn, Cd and Hg, the highest 
field strength observed was about 600 kV/cm for an ion concentration of about 10 ion/em?. 
Using time-resolved spectra, the variation in time of field strength and ion concentration was 
observed. Maximum line shifts occur during the initial stages of each discharge, indicating that 
field strengths, ion concentrations, and Stark effect are at a maximum. With the passage of time 
the temperature of the spark channel decreases, as well as the field strength and ion concentration. 
Norma! wavelengths are observed after the field strength has decreased below a certain limit. 


Introduction 
I~ THE case of linear Stark effect, the field strength and the ion concentration 
prevailing in the spark channel can be determined on the basis of HoLTSMARK’s 
statistical theory [1]. The purpose of the present paper is the determination of the 
field strength and the ion concentration from line shifts in case of the quadratic 
Stark effect. The field strength prevailing in the spark channel is calculated from 
Uns6Lp’s theory [2], whereas HoLTSMARK’s relation [1] is used to calculate the ion 
concentration. Calculations were carried out for magnesium, zinc, cadmium and 
mercury. Since in transient discharges only the use of time-resolved spectra has a 
physical meaning, the line shifts were measured in time-resolved spectra. In this 
manner the variation in time of the field strength and ion concentration was 
determined. 
Experimental conditions 

Time-resolved spectra were produced with a high-precision electronically con- 
trolled spark source [3-8] and rotating optics [9-12]. A 0-01 uF condenser charged 
to 20,000 V was discharged through a spark gap of 8mm. The frequency of the 


HouTsMarRK, Ann. Physik 58, 577 (1919). 
Unsétp, Ann. Physik 82, 355 (1927). 


, Appl. Spectroscopy 10, 183 (1956). 
, Z. angew,. Phys. 9, 82 (1957). 
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5) A. Barpécz, S pectrot him. Acta 7, 307 (1955). 
6| A. Barpdécz, Acta Tech. Acad. Sci. Hung. 8, 99 (1954). 
7 A. Barpoécz, Appl. Spectroscopy 10, 183 (1956). 
[8] A. Barpdécz, Z. angew. Phys. 9, 82 (1957). 
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discharge was about 5 « 105 ¢/s and the total duration of the spark discharge about 
45 usec. Only light coming from the middle of the spark gap through an aperture 
of 0-45 mm normal to the axis of the spark gap was used. The time resolution was 
of an order of magnitude of 1 usec. The shift of the spectrum lines was determined 
by plotting their profiles. In order to measure the relative shift, the spectrum of 
low-pressure spectral lamps was photographed on the time-resolved spectrum and 
the line shift was measured with respect to these lines. The spectra were photo- 
graphs in a quartz spectrograph of medium size. 

In Fig. 1 the line shifts Avy in wavenumbers, are plotted as function of time, for 
the electron transitions shown. It can be seen that the line shifts and their observed 
variation with time can be classified into three groups. Lines corresponding to the 
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Fig. 1. Wavelength shift of spectrum lines in the spark discharge as function of time (the 
wavelength of the lines are given in A), 
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electron transitions ns, np — ns, (n + 2)s show the greatest wavelength shift. The 
magnitude of this shift for each of the elements examined is roughly equivalent. The 
smallest wavelength shift belongs to the electron transition ns, np — ns, (n + 1)s. 
Lines corresponding to the electron transition ns, np — ns, (n + 1)d show inter- 
mediate wavelength shifts. 

On the basis of the experimental results the following statements may be made. 

(1) Each line shifted in wavelength is shifted toward the red. 

(2) The shift is greatest at the beginning of the spark discharge, then decreases, 
and, after a certain time, the lines return to their position of normal wavelength. 

(3) The shift in wavelengths is different for lines belonging to different electron 
transitions, but for those elements occurring in an identical column of the periodic 
system the shift is nearly identical for lines of identical types. 

Apart from the lines illustrated in Fig. 1, the intercombination lines Zn 3075 A 
and Cd 3262 A were also studied but no shift in wavelength was observed. 


The determination of the field strength 
For the quadratic Stark effect, the classical relation between line shift and field 
strength is 


Avy = C,F* (1) 


where (, is the Stark constant, and £ the field strength in kilovolts per centimetre 
(13, 14]. Uwsséip dealt with the problem [2] with the aid of quantum mechanics 
using perturbation calculus and assuming Russell—Saunders coupling between the 
electrons. The expression given by Uns6.p for the relation between line shift and 
field strength is 

, m?*)/ (40? 1) 


[{n? — (2 — 1)*}(2 + 1)? — + 1)° 


Ay 


— 

where 

electron charge; 

Planck's constant; 

velocity of light; 

radius of the Bohr orbital; 

principal quantum number; 

orbital quantum number; 

magnetic quantum number; 


term values belonging to the principal quantum number n and 
Pras orbital quantum numbers / — 1, /, 1 + 1 (in em~*). 


The negative sign of the expression implies a red shift of the spectrum lines. If the 
unit of F is kV/em, then the constant value of 9e%a*/4h*c?0-3? is 0-00413. From the 


R. Z. Physik 9, 332 (1922). 
14) W. Tuomas, Z. Physik 34, 586 (1925). 
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expression it can also be seen that the Stark constant C,, is different for any line, 
thus the extent of the shift is a characteristic property of the line. 

For the derivation of equation (2) the following stipulations were made by 
UnsOLp: 

(1) The term shift caused by the active field should be small with respect to the 
distance of the respective term to the neighbouring terms. 

(2) The atomic weight of the investigated element should be low, or the line 
should correspond to a high orbital quantum number transition. 

(3) The multiplet splitting should be small enough with respect to the term shift. 

The first condition is fulfilled, since the term shift due to field strength is small 
with respect to the distance from neighbouring terms. The condition concerning 
atomic weight is approximately satisfied because Mg, Zn and Cd have relatively 
low atomic weights. The third condition that the multiplet splitting be small 
enough with respect to the term shift is not always fulfilled, because in individual 
cases the triplet splitting and the term shift are approximately the same order of 
magnitude. 

The values of » and / needed for the computation of the C,, constant were taken 
from the manual of PascHen and GOrze [15], while the values of and »,,, 
from BacHER and Govupsmit [16]. The data are assembled in Table | together with 


the computed Stark constants. 


The field-strength values calculated with the aid of experimental data sum- 
marized in Fig. | and their course in time are summarized in Fig. 2. Data given in 
the left column of Fig. 2 should be considered as more reliable, because values 


occurring here were calculated from higher line shifts than those in the right column 
of the figure. According to the data of Fig. 2, field strength attains a value of 
600 kV/em in the spark channel at about 10 wsee after the beginning of the 
spark discharge and decreases during the remainder of the discharge. 

At a certain moment of the spark discharge, the field strength F is identical for 
each line. Thus, for the three lines of a triplet 


Ay, 
Ay, = C,F? 


C.F? 


from which 
Ay, C; Ay, C; : Av, 
Av, Avs Cs; Avs Cs; 


i.e. the ratio of the measured shifts must agree with the ratio of the calculated Stark 
constants. The agreement for the two triplets of Zn, one triplet of Cd and one 
triplet of Hg have been investigated and results are summarized in Table 2. The 
agreement is satisfactory within the multiplets of the same element and between the 
different elements, verifying the applicability of the method. 


F, Pascuen and R. Goérze, Seriengesetze der Linienspektren. Julius Springer, Berlin (1922). 
R. F. BacHER and 8, Goupsmit, Atomic Energy States, McGraw-Hill, New York and London (1932). 
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Fig. 2. Field strengths in the 


Table 2. 


Ratio of line shifts 


Ratio of Stark constants 


Ratio of line shifts 


Ratio of Stark constants 


spark discharge as function of time (the 


lines are 


Zn 3072 A 
Zn BO75 \ 


given in A 


Zn 3035 


Zn 3018 


Cd 3133 


Cd 3080 


1-04 


\ 
A 


\ 
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Comparison of the ratio of line shifts and the ra 


wavelengths of the 


tio of Stark constants 


Zn 4810 \ Zn 4722 
Zn 4722 A Zn 
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The determination of ion concentration 
The relation between the field strength and the ion concentration according to 
HoOLTSMARK is 
(3) 


where ¢ is the electron charge and N the ion number per em*. According to ex- 
pression (3) the field strength is proportional to the 2/3 power of the ion concen- 
tration 
Combining the UxséLp and Hoirsmark theory for the shift of spectrum lines, 
and taking into account (1) and (3), the formula 
Ay = C,F? = C,(2-6e)*N“* = CN“? (4) 
is obtained. Thus the shift of the spectrum lines is proportional to the 4/3 power of 
ion concentration. With knowledge of line shifts and the constant C,, the ion con- 
centration of the spark channel can be calculated with equation (4). The results of 
these calculations are summarized in Fig. 3. lon concentrations were determined on 
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Ion concentrations in the spark discharge as function of time. 
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the basis of the experimental data of Fig. | with the aid of expression (4). In Fig. 3 
the data in the left column are more reliable, because ion concentrations were 
calculated here from greater line shifts. 

It is evident that the ion concentration at 10 usec after breakdown of the spark 
is about 10'* ions/em*. This ion concentration decreases with the passage of time, 


and after the elapse of 50 wsec decreases by an order of magnitude. It is worth 


noting that approximately 10 usec of time are necessary for metal vapours ejected 
from the electrodes to reach the middle of the spark gap. 

Our measured ion concentrations have been compared with the results of 
other investigations. CrRaGGs and Hopwoop [17] found an ion concentration of 
2-5 « 10"/em* in a hydrogen spark channel. Hepner [18], using the Paschen 
series, found an ion concentration of 1-5 HERMAN ef al. [19] using the 
time-resolved spectrum of hydrogen measured an ion concentration of 8-2 Lor 
cm’ at 65 usec after the spark breakdown. In a magnesium discharge VAN CALKER 
and LEHMANN |20] measured an ion concentration of 5 » 10'®/em*. The deter- 
mination of ion concentration in case of hydrogen were carried out on the basis of 
the statistical theory of HoLTSMARK, whereas in the case of magnesium on the basis 
of the measurements of EckKartu [21]. 


CRAGGS and Horwoop. Proc. Phys Soc, (London) 59, 755 1947). 
Hepner, Spectrochim. Acta 11, 356 (1957) 

HerMan, S. WeNiIGER and RK. Herman, Spectrochim. Acta 11, 333 (1957 
von CaLKER and K. LEHMANN, Spectrochim. Acta 11, 260 (1957) 
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Abstract he free and intramolecularly bonded OH bands were measured in CC 1, and/or HCl, 


n for the following compounds: catechol, pyrogallol, pyrogallol-l-methyl ether and 2 
thi ther; propane 1:3-chol: pentane 1:3:5-triol: trimethylol propane; heptan 1:4:7 
and 4-methyl ether. The intensity ratio, free OH/ bonded 
OH. is alwavs larver for the diols than for the triols and their methyl ethers indicating that 
na conformation which allows two intramolecular hvdrogen bonds. The Ar of the 
ptar triol-4 thvl ether is about the same as the l-methvl ether. indicating that an oxvgen 
ina i irogen accey r for two OH groups and that such a hydrogen bond is as strong as 
hydrogen bond where the oxygen accepts only one hydrogen. Evidence is presented 
hh sive that m Cf t} associated monohvadne aleohols are evclic. whereas in CHC, 


The Ar of diols and triols is 25 per cent larger in CHCL, than in Ct I, 


IN PREVIOUS papers of this series [1] it was shown that intramolecular hydrogen 
bonding in diols is readily detected by observing the presence of two OH bands in 
the infrared spectra, the lower frequency band being due to the bonded OH and the 
higher frequency band to the free OH groups. The separation between these bands, 
Ay, is a measure of the strength of the hydrogen bond which is related to the distance 
between the OH groups. The closer the OH groups are to each other, the larger is 
\yv. This technique has been useful |2] for obtaining information on the spatial ar 
rangement of OH groups in intramolecularly hydrogen-bonded molecules. In the 
present work the rOH bands of various triols and some of their mono methy l ethers 
have been studied. The results tell us something of the conformation of these 
compounds and also shed new light on the question of the structure of associated 
monohvdric alcohols in concentrated solutions In some cases the troils were not 
sufficientiy soluble in CCI, to allow measurements to be made, and so measurements 


were made in CHCl,. Interesting differences are observed in the two solvents 


Results and discussions 
We shall discuss the results obtained with CCl, solutions. The rOH bands for 
the compounds ortho dihydroxy benzene (catechol), 1:2:3-trihydroxybenzene 
(pyrogallol), pyrogallol-2-methy! ether and pyrogallol-l-methyl ether are de- 
scribed in Table 1. 
If we assume that the peak absorption coefficient for the free OH group in each 
of the compounds listed in Table | is constant and that the peak absorption 


1} L. Kuwy, J. Am. Chem. Soc, 74, 2492 (1952); 76, 4323 (1954); 80, 5950 (1958). 

2 4. and P Jt FFRIES, J. Chem. Soc 301 (19056): H GUNTHARD and Br HKER, Hele Chim 
icta 40, 1823 (1957); S. Barker, J. A. Foster, D. Wairren and G. Zeire.. Tetra 
hedron 7, 10 (1959 
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Frequencies and peak intensity ratios of free and bonded 


OH bands of hvdroxvbenzenes 


Frequen \ Peak Intensity ratio 


Free OH Bonded OH free OH/bonded OH 


( ompound 


Catechol 


Pyrogallol 3618 3568 O-57 


Pvrogallol-2-methyl ether SOLS O32 


Pyrovallol methyl ether 


coeticient of the bonded OH group in each of these compounds is constant, then the 
peak intensity ratio given in the last column of Table | is proportional to the ratio 


of free to bonded OH groups in these compounds*. 
lhe free and bonded OH bands of catechol are of about equal peak intensity 


whereas in the case of pyrog illol the bonded OH is about twice as strong as the free 
OH band, indicating that the ratio of bonded OH to free OH groups is about twice 


as great in pyrogallol as in catechol. In pvrogallol-2-methvl ether the same ratio is 


about three times as great as in catechol, indicating that the predominant conforma 


tion of this compound is that shown below in which the ether oxygen accepts two 


OH groups. There is no free OH band in pvrogallol-1 methyl ether, indicating that 


this compound exists entirely in the conformation shown below 


() 


Pyrogallol-2-methyl ether Pyrogallol-l-methyl ether 


The higher ratio, free OH/bonded OH. for pyrogallol-2-methyl ether as compared 
with the l-methyl ether, means that the conformation in which the OH groups are 


hvdrogen bonded to the same oxygen is less stable than the conformation in which 


each hydrogen acceptor interacts with only one OH group, as in pyrogallol-l-methy! 


ether 


* The assumption that the absorption coefficients ar approximately constant in this series of closel 


related compounds is reasonable im view of the published data Thus Fierr! 3), gives the following values 
of the peak absorption coefficients: phenol 0-51, p-cresol 0-61, p-chlorophenol 0-58, p-nitrophenol 0-77 
and p-methoxyphenol 0-476. Although the strongly clectronegative nitro group in the para-position does 


produce a 50 per cent increase in the absorption coefficient, the less polar groups have a much weaker 
influence To attribute the difference in /,//, between catechol and py gallol-2-methyl ether to changes 
in absorption coefficient rather than to the existence of the proposed conformation would require that the 
peak absorption coefiicent of the free OH or the bonded OH change by 400 per cent This would be a 
most unreasonable assumption, Our assumption of the approximate constance of the absorption coett 


cents gives a consistent and reasonable interpretation. The absence of a free OH band in pyrogallol-| 


methyl ether indicates that this compound exists entirely in the conformation shown. It is reasonable to 


assume that pyrogallol itself should exist in the same conformation. This requires that the intensity ratio 
of it should be half the int nsityv ratio of catechol and this is exactly what is observed, 


3) M. Sr. C. FLett, Spectrochim, Acta 10, 21 (1957). 
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lable 2. OH bands of 1:4-diols and 1:4:7-triols in CCI, 


Peak 
Compound Bonded intensity 


ratio 
free/bonded 


Butane-1:4-diol $635 
Heptane 1:4:7-triol-4-methyl ether (1) S63. 187 
Heptane-1:4:7-triol-l-methyl ether (11) 3635 195 


The hydrogen bond in catechol and pyrogallol is relatively weak because of the 
large distance between the neighbouring OH groups. A much stronger hydrogen 
bond exists in acyclic aliphatic diols in which the OH groups are separated by four 
carbon atoms as in butane-1:4-diol which has a Av of about 155 em~'. In this 


compound the hydrogen of one OH group can very closely approach the oxygen of 


the second OH with no distortion of bond angles or distances. The OH bands of the 
compounds, butane-1:4-diol, heptane-1:4:7-triol-4-methyl ether and heptane-1:4:7- 
triol-l-methyl ether were measured and the data are shown in Table 2. The 
heptane-1:4:7-triol itself was not sufficiently soluble in carbon tetrachloride to vield 
a satisfactory infrared curve. Each compound hasa free OH and a bonded OH band. 
The fact that the intensity ratio, free OH/bonded OH, is smaller for compound | 
than for butane-1:4-diol indicates that a significant fraction of the molecules must 
exist in a conformation in which the two terminal OH groups are both bonded to 
the central oxygen atom (see below). The still smaller value for the intensity ratio 
of the I-methy! ether (II) indicates that the predominant conformation of this 
compound contains two intramolecular hydrogen bonds (see below). In com- 
pound (1), the central oxygen is an acceptor for two hydrogen atoms, while in 
compound (11), the central OH interacts with the ether oxygen in the |-position 
and the OH group in the 7-position. From the Av values it appears that 
the hydrogen bond in each compound is of about the same strength and is slightly 
stronger than in butane-1:4-diol. The lower intensity ratio of (II) as compared 
with (1) indicates that conformation of (11) is more stable than that of (1). The 
shape of each of these molecules is probably similar to the shape of trans decalin. 
Compound (1) bears the same relationship to (11) as 9-methyl decalin bears to 
l-methyl decalin. The interaction between non-bonded atoms is greater in the 
%-isomer than in the l-isomer because of the interference between the methyl group 
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in the 9-position and the axial hydrogens in positions 2, 4, 5 and 7. Thus the in- 
tensity of the bonded OH is relatively weaker in (1) than in (II) although the 
strengths of the hydrogen bonds are about the same. 

A comparison of the triols shown in Table 2 with the spectra of monohydric 
alcohols is instructive. It is well known that a monohydric alcohol such as n-butanol 


ABSORBANCE 


29 


WAVELENGTH 
Fig. 1. N-Butanol in carbon tetrachloride. 


Concentration Cell thickness 


Curve 
(M) (mm) 


shows three OH bands in CCl, solution. At concentrations below 0-01 M the sharp 


free OH band is observed at about 3640 cm~'. As the concentration is increased to 
0-1 Ma band at about 3500 em? is clearly seen which is attributed to a dimer, and at 
concentrations above 0-5 M the predominant band, which is due to higher “‘poly- 
mers’’. is at about 3340 em~!. The OH bands for n-butanol at various concentrations 
are shown in Fig. 1. The polymeric species which give rise to the 3340 em~' band 
have been shown to be largely trimers and tetramers [4]. The structure of the 
dimer and the higher polymers is uncertain and there is a difference of opinion as to 
the reason for the lower frequency of the polymer band as compared to the dimer 


4! (a) A. Ens and F. Murray, Can. J. Chem. 35, 170 (1957); (b) W. C. Cospurn and FE. Grunwa.p, 
J, Am. Chem. Soc. 80, 1318 (1958). 
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band. The belief is held in some quarters |5| that the dimer is evclic and the higher 
polymers acyclic, and that the higher frequency of the dimer is due to the unfavor 
able OH --- O angle which would be about 90° in the eyelic dimer and could be 
Is in the acyclic polymer. This hypothesis is not attractive for several reasons 

The frequency of the intramolecularly bonded OH in butane-1:4-diol is about 
the same as in the intermolecularly bonded dimer, indicating that the intramo 
lecular hydrogen bond of the diol is similar to the intermolecular hydrogen bond of 
the dimer. Since the geometry of the butane-1:4-diol molecule precludes the 
existence of a four-membered ring involving the two OH groups, it can be repre 
sented only by a structure having one free OH and one bonded OH group. Another 
argument against the hypothesis of the 4-membered ring is the comparison of the 
dimer band with that of the hydrogen bond formed between an alcohol and an 
ether. The value of Av is related to the base strength of the hydrogen acceptor. 
Since diethyl ether is slightly more basic than butanol, the Av for the complex 
ROH --- O(Et), should be slightly greater than Av for the ROH dimer if the same 
tvpe ot hvdrogen bond were involved The Av of 150 em-! for n-butanol diethy! 


ether strongly suggests that its hydrogen bond is similar to the dimer bond and that 


they must both be aevelic. The possibility exists that the frequency of the bonded 


OOH band is the same for the evclic dimer as for the acyvelic dimer, in which case it 
would be impossible to decide bet ween the alternative structures merely on the basis 
of the band frequencies and the above arguments would be invalid. It has. in fact — 
heen suggested ina recent papel jd!) that both species exist in solution. the evelie “17 
dimer being favored as the temperature is decreased. This would mean that, in this 106" 
case at least, the OH angle has no effect upon the frequency shift, and it 
would still leave unexplained the reason for the difference in frequency between the 
dimer and polymer bands 

The question of the structure of the higher polymers has been discussed by 
CopuRN and GRUNWALD |4b] and by Pimenve. and co-workers |5|. The former 
tuthors conclude that the trimer, like the dimer, is acyclic but that the tetramer is 
evelic, and that the 3340 em! band is due to the central OH group in the acyelic 
trimer and to all the OH groups in the cyclic tetramer. PIMENTEL and co-workers 
on the other hand, conclude that the dimer and trimer are cyclic, the tetramer is 


acvelic, and that the 3340 band is due to non-terminal OH groups 


Aevelic trimer (‘yelic tetramer 
a) M. Van Tutt Kk. D. Becker and G. C. Pimenrer, J. Chem. Phys. 27, 95 (1957); (b) U. Lippe 
and D. Becker. Spectrochim 10. KE. D. Becker, LiIppEL and J. N. SuHoor 
ERY, J. Mol. Spectrose. 2, 1 (1958); (d) J. Davies, K. Prrzer and C. Rao, J. Phys. Chem. 64, 1744 
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If the 3340 em! band of polymeric alcohols is due to acyclic trimers and tetramers 
one would expect dilute solutions of compound (I1) to show strong absorption in this 
region. The absence of absorption at this frequency in the spectrum of (IL) is a 
strong indication that the structure of the trimer and tetramer, which give rise to 
the 3340 em~! band, must be such that a similar structure cannot be formed intra 
molecularly by compound (IL). Such a structure is the cyclic trimer and tetramer 

The bond angles and distances of compound (II) prevent the eyelic hydrogen 
bonded structures from being formed. The lower frequency of the cyclic hydrogen 
bonded structures, as compared with the acyclic structures, can be rationalized in 
the following manner. As the OH bonds stretch, each hydrogen approaches a 
neighbouring oxygen atom until they finally change partners and the covalent OH 
bonds are transformed into hydrogen bonds and the hydrogen bonds are trans- 
formed into covalent bonds because of the symmetry of the cyclic structures 
The potential energy curve of the cyclic trimer and tetramer will be symmetrical! 
and have a double minimum, one minimum corresponding to structure (A) and 
the other to structure (B). The slope of the potential energy curve as the 
—-H bond is stretched will be reduced owing to the presence of the second minimum. 
Since the force constant is approximately equal to the second derivative of the poten- 
tial energy, the reduced slope will give rise to a lower frequency of the O——H group 
in a symmetrical hydrogen-bonded structure as compared with unsymmetrical 


hydrogen-bonded structures. 


O-H DISTANCE 


Other examples are to be found in the literature, which support the idea that 


compounds whose potential energy curve has symmetrical double minima also have 


6) (a) H. Musso and I. Srecer, Chem. Ber. 93, 796 (1960); (b) L. Bettamy and P. Pocascn. Proc. Rey 
Now London) 257, 98 (1960), 
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a low O—H frequency [6]. Thus [6a], the O—H frequency of 5-hydroxy-1:4- 
naphthaquinone is at 3100 em~', whereas the 5:8-dihydroxy-|:4-naphthaquinone 
has its OH band at 2900 em". 

Although chloroform is frequently used as a solvent for obtaining infrared 
spectra there seems to be no systematic comparison in the literature between the 
spectra of alcohols in chloroform and carbon tetrachloride. There are interesting 
differences in the two systems which can be understood if we remember that 
chloroform can act as a hydrogen donor. When alcohol is dissolved in chloroform, 
each alcohol molecule will be solvated by two chloroform molecules, each lone pair 
of electrons on the oxygen of the alcohol molecule forming a hydrogen bond with the 


hvdrogen of a chloroform molecule. 


CLC 


3 


R 
In a dilute solution of a primary alcohol in chloroform the free OH is found at 
about 3620 em-!. As the solution is made more concentrated the dimer band 


10 
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Fig. 2. n-Butanol in chloroform. 
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appears at about 3460 cm~!. As the solution is further concentrated, instead of the 
3340 cm! band appearing as in CCl,, the bonded OH band gradually shifts to 


lower frequency. The position of the absorption maximum at various concentra- 
tions is as follows: 0-2 M 3460 cm-!, 0-41 M 3460 em~-!, 0-82 M 3440 em-!, 1-7 M 
3395 cm~', 3-4 M 3378 cm~!. The spectra are shown in Fig. 2. It is not possible to 
reproduce the observed bands as shown in Fig. 2 by combining the dimer band with 
the 3340 cm~! band. In order to reproduce the observed bands it is necessary to 
assume that there is a third type of bonded OH group which has a band whose 


maximum is intermediate between the dimer band and the cyclic polymer band. 
We believe that this third type of bonded OH is an acyclic polymer because the maxi- 
mum occurs in a frequency range similar to that of the intramolecularly bonded 
OH in heptane-1:4:7-triol, as will be shown later. The question that then arises is, 
why is the acyclic polymer present in chloroform but not in CCl,’ As stated 


earlier, in a chloroform solution of an alcohol, the alcohol is strongly solvated 


through hydrogen bonds in which the hydrogen of the chloroform is bonded to the 
oxygen of the alcohol. The shape of a solvated alcohol trimer must be similar to the 


shape of a cyclohexane molecule with CCl, groups in the axial positions, and 
similarly the shape of a solvated alcohol tetramer must resemble that of cyclo-octane 


with CCl, groups in the axial positions. 


R HCCL, R R -HCCL, 


H H 


Because of the large size of the CCl, group there will be room for only one chloroform 
molecule to solvate a cyclic trimer or tetramer. On the other hand, when the 


associated alcohol is acyclic there will be room for a chloroform molecule on each 


oxygen of the trimer or tetramer, therefore the acyclic polymers will be more stable 


in chloroform while the cyclic polymers are preferred in carbon tetrachloride. 


The tendency of alcohols to associate is considerably greater in carbon tetra- 


chloride than in chloroform. In CCl, solution the dimer band at 3500 em‘ is 
moderately strong in a 0-07 M solution, whereas in CHC1, solution the concentration 


must be 0-2 M to produce a dimer band of about the same intensity. In CCl, the 


dimerization can be represented by the equilibrium 


2ROH O—-H---O—H 


In CHCl, we have the equilibrium 


HCCL, HOC, 


2RO—H = - -- O—H---O—H HCCI, 


HCCI, R R 
The enthalpy change accompanying the dimerization is equal to the heat of forma- 
tion of the hydrogen bond in CCl,, neglecting the weak interaction between solvent 
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ind aleohol. In chloroform, on the other hand, the enthalpy change is equal to the 
heat of formation of the alcohol dimer hydrogen bond minus the heat of formation 
of the hydrogen bond between a chloroform molecule and an alcohol since the latter 
hond is broken. Dimerization is therefore more favorable energetically in CC], than 
in CH¢ 

Phe OH bands of butane-1:4-diol, heptane-1:4:7-triol, the |-methyl ether and 
the 4-methyl ether, all in chloroform solution, are given in Table 3. The lower ratio 


> bands im chlorofor 


im 


Rel. intensit 


free OH /bonded OH 


3621 102 


3617 3 114 


of tree to bonded OH for the triol. the | methy! ether and the 4 methyl ether as 
compared to butane-l:4-diol again indicates that these compounds exist, to a 
certain extent, in the conformations shown for the CCl, solutions. The bonded OH 
band of the 4-methyl ether is at about the same frequency as that of the triol and 
the I-methyl ether indicating, as in CCl,, that when the two terminal OH groups 
ire bonded to the ethet oxvgen the hydrogen bond is as strong as when the OH is 
bonded to only one oxygen. The bonded OH band of the triol is at about the same 


rrequency as the intermolecularly bonded poly meric OH hand ot butanol iIna2to 
4M chloroform solution 

When the OH groups of a diol are separated by three methylene groups the OH 
groups are farther apart than in the tetramethvlene glycol, and the hydrogen bond 
is somewhat weaker. The OH bands of trimethvlene glycol and two isomeric 
triols in chloroform solution are described in Table 4 

From the relative intensities it is again clear that the triols must have the con 
formations shown below 


Lal 
HC 


H, 


~ 
Trimethyloipropane Pentone- | 3 5 -triol 


Peak 
‘ rOH \ mtensity 
ompound "be 
4 Fre« Bonded free/bonded 
3621 427 14 3 
H 621 243 220) 
Heptane-1:4:7-triol-4-met! ther | $621 239 
Heptane-1:4:7-triol-l-methyvl ether II 621 S378 2453 
Table 4. OH bands of trimethylene gly and (\0 
On OH VOL. 
frimethylene glyco 3621 $524 “7 24 10K: 
1:1:1-Trimett propal 15 
Pentane-1:3:5-trio 15 
CH 
Ho Cc CH 
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The bonded OH band of the pentane and heptane triols should be a doublet. The 
terminal bonded OH group should have the frequency of the bonded OH band of 


the corresponding diol and the central bonded OH group should produce a second 


hand at asomewhat lower frequency. The appearance of only a single broad bonded 


OH band is attributed to the small separation between the two maxima relative to 


the widths of the bands plus the fact that the lower frequency band probably has a 


considerably higher extinction coefficient than the higher frequency band, since 


intensity is a much more sensitive characteristic of hydrogen bonds than frequency 


shift. The band due to the terminal-bonded OH group is therefore probably buried 


in the more intense band due to the central-bonded OH group. 


Table 5. ¢ omparison of Ars in chloroform and Ct ly 


Compound Av, (CHE le) Arg Av,)/ Ai 


1:4-cdiol 194 157 0-24 


Butane 


250 O25 
I] 243 105 O25 
n-Butanol dimer 161 12s (26 
Propane 1:3-chol “7 7s (24 
n-Butanol polymer 280 BOD 


The difference between the bonded OH band of a triol and the corresponding 


diol becomes increasingly large as the strength of the hydrogen bond increases. 


Thus in the weakly bonded trihydroxybenzene (Avy = 50) the bonded OH band is 


almost at the same frequency as in dihydroxybenzene. Inthe more strongly bonded 


pentane-1:3:5-triol (Ar 114) the bonded OH band of the triol is at 3503 em as 
compared with 3525 em-! for the diol. In the most strongly bonded heptane-1:4:7- 
triol (Ay 243) the bonded OH band is at 3378 em~! as compared with 3424 cm"! 


for the diol. A similar relationship is observed when one compares the Ay of a 


chloroform solution with the Ay of a carbon tetrachloride solution. The relevant 


data are given in Table 5. The difference between the two Ayv’s is proportional to 


the strength of the hydrogen bond. The proportionality constant is the same in 


both inter- and intra molecularly bonded systems. The only exception to this 


relationship is the butanol polymer which again indicates that for the butanol 


polymer the species present in the two solvents are different 


Experimental 


¢paration of materials 


Pyrogallol methyl ethers. These were prepared by the method of SpArn and 
ScuMiptT|7]. Pyrogallol-1-methyl ether, b.p. 144-146°/16mm. Pyrogallol-2-methy| 
ether, m.p. 87°C 


Heptane-\:4:7-triol and methyl ethers. These were prepared by the following 


sequence of reactions 


CH CH—COOH > O—C(CH,CH,COOC,H.), 


7 FE. SpAtH and H. Scuminr, Ber. deut. Chem. Ges 74B 1938 (1041) 
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HOCH(CH,CH,CH,OH), 
HOCH(CH,CH,CH,OH), HO(CH,),CHOH(CH,),OCH, 
—C(CH,CH,COOC,H,), HOCH(CH,CH,COOC,H,), 


HOCH(CH,CH,COOC,H,), >» CH,OCH(CH,CH,COOC,H,), 
CH,OCH(CH,CH,COOC,H,), » CH,OCH(CH,CH,CH,OH), 


LIAIM, 


Diethyl-y-exopimelate was made according to the method of Emerson and 
LONGLY [8]. The ester (40 g) was reduced with 13 g LiAIH, in tetrahydrofuran and 
worked up in the usual manner to yield 13 g 1:4:7:-trihydroxyheptane, b.p. 180 
mm, nj, 14757. Anal. Caled. for C,H,,.O0,: 56-73; H, 10-88. Found: 
56-78; H, 10-90. Ten grams (0-067 moles) in 200 ml tetrahydrofuran of the triol 
were methylated with a solution of diazomethane in ether (0-067) [9]. The diazo- 
methane solution was added to the triol containing 0-6 g boron trifluoride etherate 
at 0 C. The solution was allowed to stand at room temperature overnight. The 
solution was washed once with sodium carbonate solution and after removal of the 
solvent the heptane-1:4:7-triol-1-methyl ether (3-0 g) was obtained by distillation 
b.p. 145-155°/1 mm, 14601. Anal. Caled. for 5923; H, 11-18 
Found: 5931: H. 10-19 

Reduction of diethyl-y-oxopimelate with hydrogen (50 atm) in ethyl acetate 
solution over Raney nickel at 100°C for 2 hr vielded diethyl-y-hydroxy pimelate. 
After removal of the solvent the crude reaction mixture was methylated with 


diazomethane as above and the diethyl-y-methoxy pimelate was reduced directly 
with LiAIH, to vield the desired heptane-1:4:7-triol-4-methyl ether, b.p.. 150 


155°/0-5 mm, nj! 14720. Anal. Caled. for CH 
(. 59-20: H. 11-16 
The pentane-1:3:5-triol, b.p., 133°/4 mm was prepared according to the method 


O,: ©, 5%238: H, Found 


18 


of Paut and Tcnevuircnerr {10}. The trimetholpropane was commercial material 
and was recrystallized from CC1,. 

The spectra were obtained with a Perkin-Elmer model 21 spectrometer, equipped 
with a CaF, prism. The carbon tetrachloride solutions were measured with 2-cm 
cells and the concentrations were approximately 0-002 and 0-004 M. For the 
chloroform solutions, a 4-mm cell was used and the concentrations were approxi- 
mately 0-01 and 0-02 M. Each substance was run at two different concentrations. 
The peak intensity ratio, free OH/bonded OH, was found to be constant. indicating 
that the hydrogen bonds were intra- rather than inter-molecular. The mechanical 
slit width at 2-8 ~ was 28 ” which gives a spectral slit width of 0-042 y. 

The chloroform was dried for 24 hr over P,O, and distilled at reduced pressure 


before use. 


W.S. Emerson and R. Loneiey, Org. Syntheses 33, 25 (1953) 
%| M. Caserte, J. D. Ronerrs, M. NeemMawn and W. 8. Jonnson, J. Am. Chem. Soc. 80, 2584 (1958 
10) R. and 8. Bull. soc. chim. France 550 (1951) 
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The Raman and infrared spectra of ( ‘I, are reported for the first tume. The fundamen- 
1 Force 


Abstract 


tal frequencies are, for 7, symmetry: a,, 178em™!; e, Mem"; f,, 555 and 123 em 


constants are given for a simple valence force field, simple central force field and Urey—Bradley 
force field. 


No PRIOR work has been reported on the vibrational spectrum of Cl,. This paper 
gives its infrared and Raman spectra, and some comments concerning a suitable set 


of force constants. 


Experimental 


Sample preparation and handling 


Cl, was prepared according to the procedure in Jnorganic Syntheses |1|, and 
purified by the method of Kuarascu ef al. [2]. The pure solid is bright red, but it 
darkens rapidly under the action of light and oxygen with the formation of iodine and 
other products. In solution Cl, is even less stable, but it was possible to obtain the 

taman spectrum when dissolved in absolutely dry ether (distilled over sodium) at 

a concentration of 2-5-3 wt.°,. The solution initially has a very clear red color which 
is maintained during exposures of }—1 hr. For longer exposures the sample had to be 
changed frequently. A suitable filter to absorb all wavelengths below 5678 A had 
to be interposed between the helium lamp and the sample. 

The most satisfactory Raman spectra were obtained from samples of small 


crystals suspended in glycerol. Apparently the iodine formed by the decomposition 
reacts rapidly with glycerol, so the crystals remained bright red even after exposures 
of 15 hr. 


Raman techniques 

All spectra were excited by He 6678-2 A according to methods previously described 
by one of us [3]. This wavelength was chosen despite the fact that the transparency 
of the sample, darkened by the formation of iodine, is greater at longer wavelengths. 
The reason for the choice is that the very intense exciting radiation reflected from 
the small crystals could be efficiently excluded from the spectrograph by interposing 
before the slit a filter consisting of a 20-mm layer of saturated aqueous erbium 
perchlorate solution. This same filter naturally proved to be very useful for the 


* Mellon Institute, Pittsburgh 13, Pa. 
* Permanent address: Inst. Tecnol. de Aeronautica, Sio José dos Campos, Séo Paulo, Brazil. 
1} R. McArruvur and J. H. Simons, Inorganic Syntheses Vol. U1, p. 37. McGraw-Hill, New York 
(1950) 
2) M.S. Kuarascu, W. G. Atsorp and F. R. Mayo, J. Org. Chem. 2, 82 (1937). 


3) H. StamMreicnu, Spectrochim. Acta 8, 41 (1956). 
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ibsorption of the Rayleigh and Tyndall scattering from the solutions in ether. (These 
solutions became slightly turbid upon irradiation.) In fact without this filter we would 
hardly have succeeded in obtaining the Raman spectrum. 

The spectrograph used either a 600 or 1200 line/mm reflection grating with the 
first-order blaze at 7500 and 5600 A, respectively. Allspectra were photographed with 
a camera of 8-5-em focal length, aperture ratio f /1-5. Eastman 103a-F plates were 
used. The sensitivity of these plates is satisfactory only up to 6800 A, which is the 


Table 1. Raman and infrared spectra 


‘I, (solid) 


Raman Infrared \ssigniment 


cn! Int em! Int 


Impurity? 


In purity: 


reason Why the strong band observed in the infrared at 555 em =! was not found in 
the Raman spectrum. We concluded by analogy with the other carbon tetrahalides 
that this Raman line is probably very weak, and therefore did not attempt to record 
it on I-N plates which are ten times less sensitive than the L03a-F ones. Polarization 


measurements were not made because the assignment offers no difficulties. 


Infrared methods 
The 100-350 em! region was covered with a small grating spectrometer which 
has been described previously [4]. From 300-800 em! a Beckman IR-4 spectro- 


photometer with CsBr opties was used. In the first region the powdered sample was 


supported in pressed paraftin plates: in the second region Nujol mulls were used. 


Results 

The results are summarized in Table 1. The Raman plates of the solid (crystals 
suspended in glycerol) were of good quality. Those taken at low dispersion required 
exposures of from | to 4 hr: those with higher dispersion needed as much as 15 hr. 
Three sharp Raman lines were found at 90, 123 and 178 em-'. The spectra of the 
dilute solutions in diethyl! ether required exposures of from } to 7 hr. All these 
showed the strongest Raman line clearly, although shifted from 178 to about 
i73cm'. The long exposures also showed the 90 and 123 em~! shifts, the latter 
being very faint. The values for the solid will be used in the discussion. 


In the infrared spectrum there were clearly two bands at 123 and 127 em 
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The vibrational spectrum and force constants of carbon tetraiodide 


due almost certainly to the crystal-field-splitting of this f, fundamental. The weak 
bands at 276 and 360 cm~! may be due to decomposition products; we could find 
no other explanation. The very strong absorption at 555 em~! must be due to a 
fundamental. 


Assignment of the fundamentals 
The observed Raman and infrared spectra of Cl, are in full agreement with the 
expected 7',-symmetry of the molecule which has been confirmed by electron diffrac- 
tion measurements of and Hassev [5] and Lister and Surron [6]. The 


Table 2. Fundamental vibrations of Cl, 


T 4 species Activity No. Description Frequency (cm 1) 


ay R Sym. stretch 178 


Cl, deformation 


Degen. C—I stretch 


( I, deformation 


assignment of the observed frequencies to the four fundamentals can be made in a 
straightforward manner that needs no justification other than analogy with the other 


carbon tetrahalides. The assignments are given in Tables 1 and 2. 


Force constants 


For an AB, tetrahedral molecule of symmetry 7',. the complete harmonic force 


field requires five force constants, whereas there are only four frequencies. Therefore, 


unless data from an isotopic molecule are available, one must always use a simplified 


model whose usefulness is restricted to certain groups of tetrahedral AB, molecules, 


depending on the mass ratio of the central and outer atoms, the type of bonding, 


interatomic distances, volumes of the outer atoms, ete. The simplest approaches are, 


obviously, the assumption of a simple valence force field without interactions or the 


assumption of a simple central force field [7]. The first model requires only two 
potential constants: the stretching constant k and the bending constant k,//?. The 


second contains three constants: /,, k, and k’, where k, refers to the bond between 
the central atom and the outer atoms and the other two constants refer to forces 
hetween the non-bonded outer atoms. We calculated the force constants for both 
models in the manner indicated by HerzBerG and obtained for the 


S.V.F.F.: k = 2:37,  k,/? = 0-201 mdyn/A 


S.C.F.F.: ky = 0-47, ky = 0-496, k’ = —0-136 mdyn/A 


Since there are four equations, and only two are used to evaluate the potential 


(5) C. and Hasse, Z. physik. Chem. Leipzig B 36, 301 (1937). 

{6} M. Lister and L. E. Surron, Trans. Faraday Soc. 37, 393 (1941). 

7| G. Herzpere, Infrared and Raman Spectra pp. 181-82 and 166-67. Van Nostrand, New York 
(1945). 
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constants of the 8.V.F.F. model and three for the 8.C.F.F. model, there are, respec- 
tively, two and one equations to check the correctness of the assumed force fields. 
We follow HerzeerG by calculating the numerical values of the right-hand and 
left-hand sides of the remaining expressions. HERZBERG points out that the 8.C.F.F. 
gives a fairly good check for the halides of C and Si, but poor agreement for all other 
molecules. The S.V.F.F. on the contrary is very poor for the carbon halides but 
satisfactory for hydrides. CI, plainly fits this pattern, as shown by the following 
figures : 


Left-hand side Right-hand side 
S.C.F.F., fourth equation of II, 183 [7] 0-001903 0-001890 


0-19 0-37 
5°37 


However, in spite of the fact that the check for the 8.C.F.F. yields a very satisfactory 
result, the reproduction of the frequencies y, and ¥, is poor. 

More refined valence-force-field models containing various interaction constants 
and using Witson’s FG-matrix method have been reported by VENKATESWARLU 
and Scunparam [8] and by Prsrorivs [9, 10]. However, both these models give 
imaginary results for the carbon tetrahalides, as shown by Pistorius [10] for 
CF,, CCl, and CBr,, and found now by us for CI,. Therefore it seems that the V.F.F. 
is definitely not suitable for this kind of molecule. 

The most satisfactory results for carbon tetrahalides have been obtained with a 
Urey—Bradley field which contains both valence and central forces. A slightly 
modified treatment of this model has been given by Stmanovutt [11]. We have used 
his expressions to evaluate the four potential constants A, H, F and F’. The first 
two are valence force constants related to the C-—I stretching and to the I-C-I 
bending, respectively, while F and F’ are associated with forces between the non- 
bonded iodine atoms. The following values were obtained: 


kK “12, H = 0-094, F = 0-313, Ff’ 0-01 mdyn/A 


In comparing these force constants for the series CC],, CBr, and C1, it is found that, 
with one exception, there is a regular decrease (as was to be expected). The exception 
is H, which has the values 0-080, 0-045 and 0-094 mdyn/A, respectively. The 


inversion for Cl, is probably due to the large atomic volume of the iodine atoms. 


icknowledgements—The authors wish to express their gratitude to Dr. For. A. MILLer of Mellon 
Institute for having prepared some samples of CI, and for helpful discussions. They feel indebted 
to the Conselho Nacional de Pesquisas, Rio de Janeiro, and to the International Cooperation 
Administration, Washington, D.C., for their support of this work. 
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An improved structure determination for vinyl fluoride 


Davip R. Jr.* and D. Curistensen 
Chemical Laboratory of the University of Copenhagen, Copenhagen, Denmark 


(Received 21 February 1961) 


Abstract—The previously published rotational constants of eight isotopic species of vinyl fluoride 
have been used to calculate an r, (substitution) structure for the molecule. The results are: 
r(CC) 1-329 0-006 A, r(CF) 1-347 0-009 A, & FCC 120-8 0-3°, <(FCH 110 

1°, r(CH) 1-082 0-004 A; in the CH, group: r(CH) 1-077 0-003 A and <_ HCC 
119-0 0-3° for the CH bond trans to F: r(CH) 1-087 0-003 A and << HCC 120-9 
0-3° for the CH bond cis to F. 


THE microwave spectrum of vinyl! fluoride has been studied by Bak ef al. [1] in 
Denmark and by MorGan and GoLpsTern [2] in the United States. A molecular 
structure has been reported by each group. The first of these was obtained from the 
moments of inertia of ordinary vinyl fluoride and several deuterated species, while 
the second made use of two °C species. 

In both cases the structure was calculated by fitting the observed ground-state 
moments of the various isotopic species, after making certain assumptions regarding 
the location of the hydrogen atoms. However, it is now recognized that a structure 
obtained from the isotope shifts in the moments is generally more reliable (or at 
least more comparable with similar structures for other molecules) than one which 
reproduces the actual values of the moments [3]. Such a “substitution” (r,) structure 
can be calculated for viny! fluoride by combining the spectroscopic data from the two 
previous investigations. Furthermore, when the structure is calculated in this way 
no assumptions are necessary (other than planarity of the molecule), and some 
interesting features show up in the hydrogen parameters. 

Slightly different conversion factors were used in references [1] and [2] for 
calculating moments of inertia from the rotational constants. Therefore, all moments 
have been recalculated with the same conversion factor, and the consistent set of 
moments is listed in Table 1. The numbering of the atoms is indicated in Table | 
and is also shown in Fig. 1. 

The co-ordinates of atoms C,, C,, H,, H, and H, in the principal axis system of 
ordinary vinyl] fluoride (Fig. 1) have been calculated in the usual way [3] from the 
isotope shifts in the moments of the respective isotopic species. Since J, is not 
accurately known, the relation AJ, Al, — Al, was used, i.e. the inertial defect 
was assumed to be unchanged by isotopic substitution. These r, co-ordinates should 
all be reliable except for the a co-ordinates of C, and H,, which come out 0-090 and 


* National Science Foundation Senior Postdoctoral Fellow, 1960; on leave from National Bureau of 
Standards, Washington 25, D.C., U.S.A. 
[1] B. Bak, D. Curistensen, L. HANSEN-NyGAARD and J. Rastrup-ANDERSEN, Spectrochim. Acta 
13, 120 (1958). 
[2] H. W. Morean and J. H. Govpsrer, J. Chem. Phys. 30, 1025 (1959). 
[3] C. C. Costar, J. Chem. Phys. 29, 864 (1958). 
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0-071 A, respectively. Experience has shown that when an atom is this close to a 
principal axis its r, co-ordinate may be seriously in error because of zero-point 
vibrational effects. We can improve on the co-ordinate of H, by making use of the 


doubly deuterated species H,H, (i.e. trans CHDCDF).* The principal axis system 


Table 1. Moments of inertia of vinyl fluoride species* 


Species Subs. atom /, I 


CH,CHF 47-5265 55-4421 


CH,"CHF C, 47-5346 55-6582 
SCH, CHF 49-1033 57-0638 
CH,CDF H, 47-5320 57-7534 
CHDCHF (cis) H, 49-1848 58-7111 
CHDCHF (trans) H, 52-2883 60-2969 
CHDCDF (trans) H,H, 49-2022 61-1108 
CHDCDF (cis) H,H, 52-2941 62-5888 


* Conversion factor: 505-531 (kMe/s) (a.m.u. A*). 


| 
. 


g. 1. Numbering of atoms in vinyl fluoride; a and 6 are principal axes 
c-axis perpendicular to paper). 


of the H, species (which we designate a’, b’) is rotated and translated from that of 
the normal species in such a way as to increase the numerical value of the a co- 
ordinate of the H, atom. When we use the isotope shift between the moments of the 
H, and H,H, species, we obtain a 01288 A and b 1-5551 A as the r, co- 
ordinates of atom H,. While the value of a’ is still rather small, it is probably reliable 
to about 0-01 A. The transformation between the a’, b’ and a, b frames depends only 
on the co-ordinates of the H, atom, which are very well determined from the original 
r, calculation, and on the experimental moments. We can thus write down this 
transformation with high accuracy, and from it we obtaint a = 0-0373 A and 


+ Note that the word trans refers here to the relative position of the two D atoms, while in the H, 
species it re fers to the two H atorme 


* If we had chosen the opposite sign for a’, we would obtain a 0-22 A, which is totally inconsistent 
with the directly determined value of 0-07 A, There would also be a discrepancy of 0-01 A in 6. 
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b = 1-5312 A for atom H,. The value of b agrees within 0-001 A with that obtained 
directly from the H, and normal species. The a co-ordinate derived in this way 
should be as accurate as a’, or about +0-01 A. 

A similar calculation can be done with the H, and H,H, species, but here the 
rotation is so small that the determination of a is not significantly improved. 


Table 2. Co-ordinates in principal axis system of CH,CHF 


Atom a b 
C, 0-1240 0-006 * 0-4602 0-001 
G.. 1-2663 0-001 0-2180 0-001 
F 1-0600 0-003 * 0-182] 0-002* 
H, 0-0373 0-010 1-5301 0-001 
1-2708 0-001 1-3052 0-001 
H, 2-1961 + 0-001 0-3252 + 0-001 


* These co-ordinates were determined from first moment, 
second moment, and product of inertia relations. 


However, the ) co-ordinate of H, again agrees within 0-001 A with the directly 
obtained value. 

We are now left with three undetermined or dubious co-ordinates, a and b for 
the F atom and a for atom C,. Since the 6 co-ordinates of the remaining atoms are 
well determined, the first moment condition }m,b; = 0 may be used to fix b for the 
F atom. Three further relations are available for the last two unknown co-ordinates: 


> ma, 0 


> map, 0 


ma? =I, 


where J, is the observed ground-state moment of CH,CHF. In equation (3) an 
empirical factor k has been introduced to account for the general experience that 
moments calculated from r, co-ordinates are lower than the ground-state moments. 
By analogy with similar molecules such as propylene, propane and viny! chloride, 
we may estimate k to be in the range 1-003—1-006. Equations (1), (2) and (3) give a 
satisfactory intersection (when the various uncertainties are taken into account) at: 


a(F) 1-060 + 0-003 A 
a(C,) 0-124 0-006 A 


The co-ordinate of C, is thus about 0-03 A larger than the value obtained from the 
isotope shifts; it is interesting that a similar difference was found in propylene [4], 
where the heavy atoms have very nearly the same geometry as in viny! fluoride. 

The final Cartesian co-ordinates and their estimated uncertainties are collected in 
Table 2. The bond distances and angles obtained from these co-ordinates are listed 
in Table 3. While vinyl fluoride is a very unfavorable molecule for a spectroscopic 
structure determination, because of the unavailability of a fluorine isotope and the 


4) D. R. Live and D. Caristensen, J. Chem. Phys. To be published 
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proximity of two atoms to a principal axis, we feel that the present determination is 
the best approach to the correct r, structure which can be made at this time, and that 
the limits of error given in Table 3 are realistic ones. It should be emphasized that 
these limits of error refer only to the accuracy of the r, structure, which may differ 
from the equilibrium structure by a larger amount 


bia 


new structure does not differ in any major way from those of references | 1] 
except in the value of <H,C,F,. This angle is now 110-00 (with HCC, 
us compared with 115 in [l]) and 119 in [2 The lower value of HCF 
is more in line with related compounds, e.g HCF los in formy! fluoride [5], 
wetyl fluoride [6], and PCF in FA H, 7}. It is 
however. that , vinv! fluoride is almost identical with HCC in 
e (120s we. 121-5 Od while the introduction of a fluorine 


into ethvlene has increased the adjacent HCC angle by & 


\ structure for vinv! fluoride which is similar to the present one m all respects 


except the HCF angle has been obtained by Laurie |9 \n attempt to correct for 


vibration—rotation interactions has recently been made bv Laurie and HeERscHBACH 


* 
lable 3. Structure of vinvi 
Hi 
} 
17 
19€ 
10 
Oo. H. Led y. iw. 33, 508 (1000 
W. La I’ at at 
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2 
668 
3 


Spectrochimica Acta, 1961, Vol. 17, pp. 669 to 67 Pergamon Press Lid. Printed in Northern Lreland 


RESEARCH NOTES 


The elimination of cyanogen molecular spectra by instantaneous d.c. carbon-arc 
excitation of geological materials in oxygen 


( Received 12 December 1960; in revised form 6 March 1961) 


Mvcu effort has been expended in attempts to analyze various geological materials so that 
the concentrations of as m ny elements as possible may be quantitatively determined in one 


or two sets of triplicate excitations using methods suitable to routine analysis. Notable are 


the methods of Suaw [1| and of Hawiey and MacDonatp [2] using Pd and In as internal 


standards, covering the spectrum from approximately 2000-5000 A. For the alkali elements 


in the spectral range of 5700-8300 A, Cs was used as the internal standard [3 


The successful use of graphite admixed with sample as a buffer to improve reproduci- 
bility, the use of carbon electrodes, and the employment of the STaLLwoop air jet [4 


commonly result in intense cyanogen emission |5| with band heads at 4216, 3883 and 3590 A 


degrading towards the violet. As a result, sensitive lines such as Ga 4172, Ni 3619 and 
Pb 4057 A are completely obscured and heavy background intensity interferes with such 
important lines as Co 3453, Ni 3414 and Pd 3441 A 

Numerous attempts have been made to suppress or eliminate CN emission. The intro- 


duction of alkalies, especially Cs [6|, or lead oxide [7| into the are column, and the use of 


non-carbon electrodes is unsuitable for routine spectrographic analysis of rocks and minerals. 


Excitation in atmospheres which do not contain nitrogen may be attempted, but steam 


[8] is often difficult to utilize, argon [9] and helium [10] are rather costly, and carbon dioxide 


[11] fails to eliminate evanogen background completely 


STEADMAN [12] used oxygen in a coaxial brass tube surrounding the electrode to suppress 
CN emission in order to detect K 4044-14 A, and Scumipt and WauTMAN [13] also point out 
the merits of oxygen for the elimination of cyanogen spectra. 

The spectrochemical analysis of carbonate rocks from this laboratory indicates that 


instantaneous excitation of the sample in a flow of pure oxygen is suitable as a rapid and 


inexpensive quantitative method for routine laboratory analysis. 


Samples are arced in a stream of pure oxygen flowing at a rate of approximately 4 1/min 
Details of the spectrogra phic 


in a Pyrex glass chamber resting on the Stallwood air jet [9 


1) D. M. Saw, Can. Mineralogist 6, 467 (1960 


J. KE. and G. MacDownatp, Geochim. et Cosmochim. Acta 10, 197 (1956 

31 D. M. Suaw, O. C. WickrReEMASINGHE and J. N. Weser, Anal. Chim. Acta 22, 398 (1960 

4) B. J. Statuwoopn, J. Opt. Soc. A 44, 171 (1954) 

5 t. W. B. Pearse and A. G. Gayvon, Identification of Molecular Spectra p. 89. Chapman and Hall 


New York (1950 
(6) P. and D. J. Desumurkn, Current Sci. (India) 18, 373 (1949). 
(7 F. L. Aswror, J. Soc. Chem. Ind London 58, IS5 (1039). 
8! G. M. Wieats, Analyst 74, lol (1949 
9) D. M. SuHaw, O. C. Wickremasincue and C. Yur, Spectrochim. Acta §, 111 (1958). 
[10] G. W. Marks and M, Garpner, Rev. Sci. Instr. 18, 370 (1947 
fll) W. W. A. Jounsown and D. P. Norman, Ind. Eng. Chem., Anal. Ed. 15, 119 (1943). 
(12) L. T. Streapman, Phys. Rev. 63, 322 (1943). 
R. Scu™mipt and Wat rMAN, Congr. groupe. avance, méthod. anal spectroqg prod. met. 13, 163 (1050 
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method are listed in Table 1. The camera shutter is opened before the arc is ignited and the 
instantaneous emission is recorded from the total volatilization of about 12 mg of sample 
contained in the electrode cavity 1/16 in. in diameter and 3/8 in. deep. 


Table 1. Details of the spectrographic method 


Spectrograph Jarrell-Ash 3-4m grating, Wadsworth mount, first- 
order reciprocal linear dispersion 5-2 A/mm, 7-step 


rotating sector at slit and | mesh-screen for intensity 


reduction 
Slit mm 30 4 


Oxygen atmosphere Pure oxygen streaming at approximately 4 l/min 
through Pyrex chamber mounted on Stallwood jet 

Electrodes National Carbon Company, “Special grade, fashioned 
from 1/8 in. diameter rod; plain crater 

Photography Kodak Spectrum Analysis no. | emulsion, 4 10 in. 
plates, ce veloped 3 min in D-19 at 68 F 

Exposure 2 sec maximum, 8&8 A, 200 V d.c. on open circuit 

Samples 1 part sample with | part internal standard mix 
containing Pd, In and La in graphite 

Photometry and Applied Research Laboratories densitometer, no back- 

calculations ground corrections, Seidel function emulsion calibra- 


tion. calculations by I.B.M. 650 computer 


VULe 


196: 


~ oncentrotor 


Fig. 1. Analytical curve of Ga 4172 A using In 4101 A as internal standard. AY values are 
the ratios of arbitrary log intensity units for Ga and In. Line constructed by linear 
regression. 


It would be expected that self-absorption would be marked because of the higher concen- 
tration in the are plasma, and that a subdued spectral record would ensue. The results are 
surprising in that self-absorption of the lines investigated did not greatly increase, if at all. 
The spectra showed no visible decrease in over-all intensity, and cyanogen emission was 
completely eliminated, not merely suppressed. Moreover, certain spectral lines were 
noticeably sharpened and less diffuse. 

Fig. | illustrates the analytical curve for the determination of gallium, using Ga 4172 A 
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with In 4101 A as internal standard. The curve is linear over the concentration range 
shown. The concentrations of Pd and In in the internal standard admixture permitted the 
use of In 4101 A and Pd 3441 A as well as In 3256 A and Pd 2476 A as internal standards at 
lower wavelengths. 

In addition to the excellent quality of the photographed spectra, the method permits 
rapid adjustment of the gas flow after each excitation (in contrast to gaseous mixtures such 
as A-O, or He-O,) and utilizes a readily available and inexpensive gas. Even though a 


Pyrex glass chamber is inserted over the electrodes for each excitation, the total analysis 
time is not increased because of nearly instantaneous excitation. 


Acknowledgements—The writer is indebted to D. M. SHaw of McMaster University, Hamilton, 
Canada, and to Imperial Oil Limited for research funds to support an investigation of trace 
elements in carbonate rocks. 


Jon N. WEBER 


Department of Geological Sciences 


University of Toronto, Canada 


Spectrochemical method for the determination of trace amounts of chloride 
ion in small samples of rocks and minerals 


(Received 18 November 1960; in revised form 6 Varch 196] 


Introduction 

TRACE amounts of chloride ion may be quantitatively determined by precipitating Cl- as 
AgCl from a standard solution containing a known amount of Ag*, and a known concen- 
tration of In*~, which serves as an internal standard. The precipitate is permitted to “‘age’’, 
the supernatant liquid is filtered and a portion of this liquid is withdrawn and evaporated 
on a base material, the Ag/In intensity ratio of which is then determined spectrographically. 
The log of the Ag/In intensity ratio is plotted against log concentration of Cl- for a series of 
standards to provide an analytical curve. 


Method 
The principles described above were used to determine the Cl- content of dolomitic 
|] 


Samples, 200 mg in size, of the powdered and well-mixed material were taken into solution 


carbonate rocks in which the average concentration of Cl- ranges from 20 to 2000 p.p.m. 


with 3 ml of 50°, acetic acid, a process requiring about 24 hr for completion. One milliliter 
of a standard Ag-—In solution was added to the solution of chloride ion derived from the 
geological sample, and the fine precipitate of AgCl was permitted to ‘‘age”’ for several hours. 
The supernatant liquid was filtered and } ml of the filtrate was evaporated on approximately 
300 mg of calcium carbonate, which was subsequently excited in a d.c. carbon arc, and the 
optical densities of the Ag and In spectral lines were measured. Details of the spectrographic 
method are listed in Table 1. Artificial standards were used to determine the analytical 
curve showing the relationship between log Ag/In intensity ratio and the log concentration 
of Cl-. 

The method utilizes the fact that a relatively large amount of silver (100-1000 p.p.m.) 
can be measured fairly accurately with d.c. carbon-are spectrographic techniques. Small 
amounts of Ag* are subtracted from the standard concentration of Ag* in solution by 


{lj} D. L. Grar, Illinois State Geological Survey Circular 301, Urbana (1960). 
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precipitating AgCl. Two concentration ranges are used: Standard Solution I contains 
110-30 mg Ag and 123-40 mg In in 500 ml of solution for Cl- concentrations from 10 to 
1000 p.p.m.; Standard Solution Il contains 2667-2 mg Ag and 302-3 mg In for Cl- concen- 
trations from 1000 p.p.m. to 1 per cent. The amount of CaCO, base on which the spectro- 
graphic measurements of Ag and In are made is experimentally determined to provide 
measurable optical densities of Ag 3280 and In 3256 A. This amount is controlled by the 
size of the electrode cay itv and by the choice of intensity reduction devices, ete. 


Table 1. Details of the spectrographic method 


Spectrograph Jarrell-Ash 3:-4m grating, with Wadsworth mount 
and first-order reciprocal linear dispersion of 5-2 A/mm 

Intensity reduction | copper-mesh screen and 7-step sector at slit with log 
intensitv ratio of 0-2 

Slit 30 by mm 

Spectral lines Ag 3280-683 A, In 3256-09 A 

Electrodes National Carbon Co., regular grade spectrographiec 
carbons; anode 1/8 in. diameter with plain crater 
1/16 3/8 in.; counter electrode 1/8 in. diameter 

Excitation 60 sec at 220 V d.c. (open circuit) and 8 A in Stallwood 
air-jet; triplicate analysis 

Photography Fastman- Kodak type S.A. I plates developed 3 min in 
1-19 developer at 20°C 

Artificial standards Johnson—Matthey Specpure NaCl in J.-M. Speepuré 
CaCO,; progressive dilution yields Cl~ in concentra- 
tions from 1°, to 10 p.p.m. at log 0-5 intervals 

Photometry and Applied Research Laboratories photodensitometer 

calculations measuring percentage transmission to which log inten- 

sity is related by separate Seidel-function calibration 

curves for both Ag and In spectral lines; all computa- 

tions including background corrections executed by 


IBM 650 digital computer 


Results and discussion 

Using Standard Solution I, an analytical curve was constructed to give a regression line, 
Y 7-00 50-3906 (XY 2-25). where Y is the log ratio Ag/In and X is the log concen- 
tration of Cl-, covering the range 10-1000 p.p.m. With concentrations of Cl- larger than 
1000 p.p.m., a horizontal line is obtained, corresponding to nearly complete removal of 
Ag from solution by precipitation as AgC! 

The analytical error appears to be largely that involved in the spectrographic measure- 
ment of the Ag/In ratio. The relative error (£) for triplicate analysis as calculated by SuHaw 
and BANKIER [2] so as to include both the variance of the synthetic standards used to 
construct the analytical curves, and the variance of the samples analyzed, amounted to 
about 12 per cent. Test samples were treated chemically twice, and then analyzed spectro- 
graphically in triplicate Accuracy proved to be satisfactory in eight out of nine large 
samples which were dissolved in acetic acid and titrated with mercuric nitrate [3] in the 


presence of diphenylearbazone-bromophenol blue mixed indicator. Since the preliminary 
step to remove Br~ and I~ was not attempted (the total halogen content being desired), 
eight of the nine dolomites analyzed by both methods contained no appreciable content of 


. M. Suaw and J D. Bankter, Geochim. et Cosmochim. Acta 5, 111 (1954). 
E. Anal. Chem. 22, 553 (1950). 
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Br~ and I-. It should be emphasized, however, that bromide and iodide ions will also 

precipitate from solution as the appropriate silver halide unless previously removed. 
Interferences are few: Mn in exceptionally large quantities will show as Mn 3280-756 A 

(intensity — 60) overlapping, in part, on Ag 3280-683 A (intensity — 2000)[4]. Minor com- 


plexing of Ag by acetate ion is calibrated out in the construction of the empirical analytical 
curve, and the very small solubility product constant for AgCl merely creates a lower limit 
of detection. I- and Br~ are precipitated as Agl and AgBr unless prior removal of these 
elements has been effected [5|. Interfering ions such as CrO,~, Fe(CN),* and others [6 are 
probably never encountered in mineral or rock samples. The method would find its greatest 
application where only small samples of geological materials such as rare accessory minerals 
are available and where cations interfering with standard colorimetric and microtitrimetric 
methods [3] cannot be removed. There appears to be no reason W hy a portion of the original 
rock or mineral sample might not be used as the base material instead of calcium carbonate, 
thus enabling the determination of Cl- as well as many other elements in one excitation. 
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BOOK REVIEWS 


G. K. T. Conn and D. G. Avery: Infrared Methods. Academic Press, New York, 1960. viii 


203 pp.. $6.80. 


Tuts book is intended to be a working manual in which the principles and experimental techniques 
are provided for the user and potential user of infrared methods. The authors give recognition to 
the fact that infrared studies are important not only in themselves, but also in contributing to 
the solution of many problems in physics, chemistry, biochemistry, biology and medicine. 

The book is divided into two parts: Part A, Principles, and Part B, Practical Applications. 
Under Part A, five chapters are devoted to the discussion of sources of radiation, optical materials, 
detectors, amplifiers and dispersive systems. The last quarter of the book is devoted to Part B, 
which consists of four short chapters dealing with the calibration of detectors, construction of a 
simple monochromator, instruments for gas analysis and plant control, and radiation pyrometry. 

Chapter ILI opens with the statement that ““The heart of any infrared system is the detector’’. 
That the authors firmly believe this statement is amply demonstrated by the attention they have 
given to detectors and related subjects. The chapters dealing with these subjects are well written 


and comprehensive. The section on detector characteristics is outstanding and should be quite 


valuable to anyone having an interest in such matters. 

In contrast, the treatment of the optical components 1s rather sketchy and, at times, over- 
simplified. For example, the simple monochromator discussed in Chapter VII has a spectral 
discrimination of only 0-05 4 (15 em) in the carbonyl region, which the authors feel is usually 
adequate. For the many spectroscopists interested in absolute intensities, band shapes and half- 
widths, the above resolution is wholly inadequate. Another aspect of spectroscopy which is 
inadequately discussed is that of absorption cells and sampling techniques. This is an area of 
vital concern to the chemist, biologist or physicist, whose primary problem may be that of 
getting a sufficient number of absorbing entities into the radiation beam of the spectrometer. 
Thus at least a mention of such experimental techniques as the White multiple-reflection cell, 
beam-condensers, reflectance devices and microcells would seem desirable in a manual designed 
for the general user of the infrared. 

This book should be of considerable interest and value to the researcher who is interested in 
assessing detector performance or is concerned with novel means of scanning spectra such as 
focal isolation, interferometers and filters. However, the reviewer feels that those conventional 
spectroscopists not primarily interested in the infrared per se, but rather in what it can tell us 
about molecular structure, chemical reactions, biological processes, etc., will not find this book 
particularly useful. 


KAGARISE 


H. Rocers and J. B. Marurie (Editors): Symposium on Spectroscopy. Special Technical 
Publication No. 269, American Society for Testing Materials, Philadelphia, 1960. 245 pp., 
$7.00 ($5.60 to ASTM Members). 


I~ OctroBer, 1959, Committees E-2 and E-13 of the American Society for Testing Materials 
conducted a Symposium on Spectroscopy in San Francisco. Those who were not able to attend 
this meeting now have an opportunity to study sixteen of the twenty-five papers presented, as 
well as one other related paper which was originally included in another symposium, 
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Book Reviews 


The theme of the Symposium was “unsolved problems”. Few would care to speculate on 


probable developments in spectroscopy, and most of the articles included in this volume approach 


the theme by discussion of active research areas where the bases for future advances are being 
established. The first paper in this volume, by J. R. MCNALLy, Jr., is an excellent example of 
this type of discussion, treating isotopic line shifts and analysis, atomic energy levels and spectrum 
line information, and thermonuclear applications of spectroscopy. Other articles treat such 
topics as emission spectroscopy of radioactive materials, ultraviolet absorption from 175 to 
200 mu, X-ray fluorescence, flame photometry, infrared spectroscopy, magnetic resonance 
spectroscopy, and molecular spectroscopy in the USSR. Applications of spectroscopic techniques 
to the analysis of complex hydrocarbons, water-formed deposits, and carbonaceous materials are 
also considered. Other papers are concerned with inter-laboratory communication, i.e. descrip- 
tion of methods for emission spectrochemical analysis, testing and calibration of infrared 
spectrometers, and nomenclature in ultraviolet absorption spectroscopy. With the exception of 
two articles describing specific methods, all the papersare authoritative reviews of t heir particular 
subjects. 

The extremely broad range of topics covered and the excellent treatments given make this 
work of interest to a wide audience. It is always a difficult task for the individual to become 
acquainted with new developments in fields not directly related to his own work. The review 
articles included in this Symposium provide a means of exploring several fields of research and 
application in spectroscopy. The months that have elapsed since the Symposium was held have 
not made these forward-looking articles less interesting or less valuable, and study of this volume 
can be recommended to all spectroscopists. 

MARVIN MARGOSHES 
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Infrared absorptions characteristic of organic carbonate derivatives 
and related compounds 


R. A. Nyevuist and W. J. Ports 
Chemical Physics Research Laboratory, The Dow Chemical Company 
Midland, Michigan 


(Received 14 March 1961) 


Abstract 
0 


Infrared absorption bands characteristic of carbonates (—-O—C——-O—), carbamates 


N—C—O O—C—-S—-), chloroformates (C1—C—-O—), carbamoyl] 


chlorides (Cl—C-——N), thiol carbamates , dithiol carbonates (—-S—-C—-S—), and 


() 


N 


thiol-chloroformates (Cl—C——-S—) have been found. The behavior of these frequencies in the 
various compounds can be related and explained by considering the vibrations to be roughly 


analogous to those of the carbonyl dihalides. 


Introduction 


THe infrared spectra of thiol esters (R--C--S—R’) have recently received some 
fairly extensive study |1—3]. Mecke ef a/.|1] have assigned the strong, character- 
istic absorption in the region 800-900 cm~! to the C—S stretching mode. Nyquist 


and Ports [2] have shown that the carbonyl stretching frequencies of these com- 


pounds are very analogous, with a few modifications, to ordinary ester compounds. 
BAKER and Harris [3] have suggested that the lower carbonyl frequencies in 
thiol esters (compared to ordinary esters) may result from resonance forms 


which involve 3d-orbitals on the sulfur atom. Mecke ef al. | 1 | 


Ss 


have also considered certain cyclic carbonyl compounds, and present the surprising 


result that the carbonyl] stretching frequency of ethylene dithiol carbonate is lower 


than for analogous open-chain compounds. 
We have made a study of various carbonates and carbamates, and their 


1] R. Meckxer, R. Mecke and A. Lirrrineuavus, Chem. Ber. 90, 975 (1957). 
|2| R. A. Nyquist and W. J. Ports, Spectrochim. Acta 15, 514 (1959). 
3) A. W. Baker and G. H. Harris, J. Am. Chem. Soc. 82, 1923 (1960). 
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chloro- and thiol-derivatives, in an attempt to find a uniform explanation for the 
behavior of the skeletal modes associated with the carbonyl group, and to clarify 
further the carbonyl absorption frequencies, which appear to be complicated by 


Fermi resonance interactions with overtones and combinations of the skeletal 
modes 


Experimental 


The compounds used in this study were prepared by the general reactions: 
| 


COCI, 


NH—C 


where R and R’ are alkyl or aryl groups. 


Infrared spectra were obtained with a double-beam NaCl prism spectrometer 
4}. and a double-beam KBr fore-prism grating spectrometer [5], both of which 
were designed and built in this laboratory. Except for a few cases noted below, 
all spectra were obtained in CC], solution between 3800 em~! and 1333 em~!, and 
in CS, solution between 1333 em~! and 450 cm~! 


0 


Approximate normal modes of the group C , and general factors 
x 
affecting their frequencies 


In molecules for which groups X and Y are atoms toward the end of their 
respective row of the periodic table, some rough predictions can be made about 
the nature of the normal modes to be expected for the stretching vibrations, and 


4| L. W. Herscuer, H. D. Runt and N. Wricurt, J. Opt. Soc. Am. 48, 36 (1958). 
(5) L. W. Herscuer, Spectrochim, Acta 15, 901 (1959). 
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their approximate frequency regions. As will emerge from the discussion of 


) 


specific molecules below, it appears that the group X—C—Y can be considered 
as roughly analogous to the dihalocarbonyls. Reasonably accurate normal 


co-ordinates, based on a Urey—Bradley force field, have been determined (6) for 
COF,, COCIF, COCI,, COCIBr, and COBr,, and we shall compare the normal 


modes and frequencies of the stretching modes of the X —C—Y group to those of 
the dihalocarbonyls. 

It is interesting to consider the skeletal stretching modes from the point of 
view of how they vary with the masses and properties of X and Y and the sym- 
metry of the molecule. These normal modes as obtained by OverEeND and SCHERER 
[6] for the dihalocarbonyls are as shown in Fig. l(a—c). From these normal 
modes it appears that the skeletal stretching modes for symmetrical molecules can 


best be described as symmetric and asymmetric stretching, while for the un- 


symmetrical molecules they are perhaps best described as approximately “C—X 


SCALE, DISPLACEMENTS TWICE THAT OF 
INTERATOMIC DISTANCES 


i 


C=0 STRETCH SYMMETRIC STRETCH 
1928 cm-' 965 cm-! 


Ay 
ASYMMETRIC STRETCH SKELETAL DEFORMATION 

1243 cm-! 774 


Normal modes 


Fig. l(a). 


for COF,,. 


6) J. OvEREND and J. R. Scuerer, J. Chem. Phys. 82, 1296 (1960). 


681 


= 
OL. 
17 
961 | 


R. A. Nyquist and W. J. Porrs 


SCALE, DISPLACEMENTS TWICE THAT OF 
INTERATOMIC DISTANCES 


0 
| F~ 


C=0 STRETCH "C-Cl STRETCH" 
1868 cm-! 776 ch-! 
C-F STRETCH" SKELETAL DEFORMATION 
1095 cm-! 667 cm-! 
Fig. l(b). Normal modes for COCIF. 


SCALE, DISPLACEMENTS TWICE THAT OF 


INTERATOMIC DISTANCES 
Cl Cl 
6 


C=0 STRETCH SYMMETRIC STRETCH 
1827 cm-' 567 cm-! 


- 


© OUT-OF-PLANE 
ASYMMETRIC STRETCH SKELETAL DEFORMATION 
849 cm-' 580 cm-! 


Fig. l(c). Normal modes for COCI,. 
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stretch” and “C—Y stretch”. Studies by OvereNpD and Scuerer [6] of the 
potential energy distribution in these modes indicate that the asymmetric skeletal 
QO O 


stretching modes in X—C—X and Y—C—Y, and the ““C—X stretch” in X—C—Y 
should probably be reasonably constant over various molecules, but the symmetric 


skeletal stretching modes and the ““C—Y stretch’ will be sensitive to small changes 
in mass and geometry and hence probably not be constant over various molecules. 


Thus, the asymmetric skeletal stretching modes and ““C—X stretch” should lead 


to “good” group frequencies, while the symmetric stretching modes and ““C—Y 
stretch” will probably not be “good” group frequencies. 


Now. if we assume (a) that all —CC—X bonds, for X an atom near the end of 
the first row of the periodic table, can be regarded as roughly analogous to the 


F bond in the carbonyl halides, both with respect to force constant and mass 
of atom X, and (b) that all —C—Y bonds, for Y an atom near the end of the 


second row of the periodic table, are roughly similarly analogous to the —C—C] 
bond in the carbonyl halides, we can make the following predictions about the 


skeletal modes and frequencies of molecules of form X—C—X, X—C—Y and 


Y—C—Y 


COX, (X an atom near the end of the first row of the periodic table) will have 


a mode which is approximately an asymmetric X-——C-——X stretch in the frequency 
region of ~1200 cm~', which should be a reasonably “good” group frequency: 


and a mode which is very approximately a symmetric X——C-—X stretch in the 
frequency region of ~950 em~!, but which may not be a very good group 
frequency. 

COXY (X an atom near the end of the first row of the periodic table, Y an 
atom near the end of the second row of the periodic table) will have a mode which 


is approximately ““—C-—X stretch” in the frequency region of ~1100 em~!, and a 


mode which is very approximately a “‘“—-C—Y stretch” in the region of ~750 em~; 
the first should be a “good” group frequency, but the second may not be. 
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COY, (Y an atom near the end of the second row of the periodic table) will 


have a mode which is approximately an asymmetric Y—C—Y stretch in the 
frequency region of ~800 em~!, and a mode which is approximately a symmetric 


Y—C—Y stretch in the frequency region of ~550 em~!; again we shall expect 


the higher frequency vibration to be a “good” group frequency, but the lower 
frequency may not be. 
Another skeletal mode which appears to have some persistence as a “group 
) 


frequency” is the out-of-plane skeletal deformation: . OVEREND 


X Y 


| have shown that the force constant of this mode appears to be 


and Evans [7 
fairly sensitive to the sum of the absolute values of the Taft resonance parameter 
(o,) and inductive parameter (a,); therefore we will expect its absorption frequency 
to vary not only with the mass of the substituents X and Y, but also with their 
inductive and resonance properties. Unfortunately, this mode does not usually 
produce an absorption of high intensity. Therefore, although we will expect an 
out-of-plane skeletal deformation in the region 500-800 em~! for these molecules, 
its frequency will be hard to assign. 

The form of the normal mode of the C—O stretching vibration is so well known 
as to require no discussion here. Its frequency is quite sensitive to the nature of 
the groups attached to the carbonyl carbon atom, as is also well known. In all the 
compounds in this study it will be noted that when compounds whose carbonyl! 


substituents are —O or —S are compared to analogous compounds 


whose substituents are O—R or S—R. consistent frequency differences are 
noted 1) the carbonyl stretching frequency is always higher for the aromatic 
compounds than for the analogous aliphatic compounds; (b) the frequency of the 


asvmmetric X or ¥ Y stretch, or the X stretch”’ in unsym- 


J A— Y compounds, is always lower for the aromatic compounds than 
for analogous aliphatic compounds. A_ possible explanation for these frequency 
shifts is that they are caused by resonance competition between the z-electron of 
the phenyl ring and the z-electron of the carbonyl carbon atom for overlap with 
the non-bonding electron pairs of oxygen or sulfur: increase of electron overlap 
between the phenyl z-electron and a non-bonding pair on oxygen or sulfur takes 
plac eat the expense of overlap between the car bons | carbon 7-electron and oxygen 


or sulfur non-bonding pairs. This results in a reduced force constant and stretching 
frequency for X X\. ¥ Y and X Y bonds, but increased force 


C. Evans, Unpublished work. 


196) 

a 

7) J. Ovenenn and J.C. Evans, Trans, Faraday Soc. $51, 1817 (1959); J. 
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constant and stretching frequency of the C—O bond. This same explanation has 
been used to account for the absorption frequencies of thiol esters [2]. 

Below are given the frequencies characteristic of each compound type. We 
will use the principles just discussed in characterizing these frequencies. 


0 


Compounds of type C 
xX xX 


As discussed above, these compound types will have a characteristic carbony! 
absorption whose frequency will depend on the nature of the substituents X, an 
asymmetric X-—-C-—X stretching absorption near ~1200 em-}, 


a symmetric 


X—C—X stretching absorption near ~950cm~!, and an out-of-plane skeletal 


deformation near ~750 cm~!: the latter two modes may or may not be possible 


to assign. These types of compounds are well known in the literature [8—12], and 
are included here for the sake of comparison. 


Carbonates, 0 C O 


The characteristic frequencies of some carbonates are listed in Table 1, series 1. 
(These frequencies have been discussed in the literature {8-12}; they have been 
included here for comparison.) The carbonyl frequencies are ~1739 em~! for 

compounds of type R-—O—C 1754-1787 for compounds of type 
() 


¢—O—C—O—R’ and 1775-1819 em~! for compounds of type 6—O—C—O—4, 
in agreement with previously reported values, and consistent with the discussion 
above. The carbonyl stretching frequency of ethylene carbonate, 1831 em~! in 
CCl, solution, has been included for comparison with the thiol analogs. As is well 
known, carbonyl compounds whose carbonyl carbon atom is a member of a 
five-membered ring usually have a somewhat higher frequency than for analogous 
open-chain compounds (however, see below). 


All carbonates have a very intense absorption in the region 1205-1280 em~!, 


which is probably best described as asymmetric —-O—C—O— stretch. According 


[8] B. M. Garenouss, 8. E, Livinesrone and 8S. Nynoum, J. Chem. Soc. 3137 (1958). 

9) J. L. Haves, J. lL. Jones and W. Kywaston, J. Chem. Soc. 618 (1957). 

10) C. L. Trans. Faraday Soc 52, L178 (1956). 

11} A. R. Karrirzky, J. M. Lacowsxi and J. A. T. Bearp, Spectrochim. Acta 16, 964 (1960). 
| 12) R. A. Nyat Ist Unpublished data. 
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Table 1. Characteristic infrared absorption frequencies of carbonic acid derivatives 


C=O x xX x x ( Xx 

c No asymmetric symmetric 

= studied stretch stretch 


(em~*) i i 
(em~*) (cem~*) 


739-41 
< tea. 900 


1775-1819 


1640-55 


or 
1o40% 


No 
la R—O—C—OR 13 l 
‘ Ib R—O—C—O0—¢ 72 > 
le O—-C_-O—# 4 1205-21 
CH,—O 
ld C—O | ~I831 ~1140 
CH,—O 
0 
2a R—S—C—S—R 3 | 
VOL. 
2b R—S—C—-8—4 l 1649 196: 
0 
2c S ¢ 2 1714-18 
CH 
CH 
3a R—O—( SR 1702-10 1142-62 
3b R—O—4 S—¢ 7 1719-31 1125-41 
0 
+4 4 R 1730-9 1056-1102 
od ‘ H 3 ~ 
3d l 1757 | 
CH 
0 
R—S—C—O—-N—( 1720-25 1117-19 
ca. 


Table | (contd.) 


0 


C—Y Y—_C—Y Y—C—-Y 
No. stretch | asymmetric symmetric A B Others 
(em~'*) (em~*) (em~'*) (A and B=X or Y) 
Out-of-plane 
skeletal deformation 
(em~*) 


Tea. 800 | 


() stretch corrected tor Fermi 


resonance is ~1655 


stretch corrected Fermi 


resonance is ~1664 


560 stretch corrected Fermi 
resonance is ~1690 


0 stretch corrected Fermi 


resonance is ~1694 


650-655 


stretch 1649-56 


la 785-800 
Ib 
le 
ld 
Ole 
96] 2b 839 567 —~ 554A 
2d 880 Ref. [1 C— 
3a 
< ca, 800 > 
3b 
3e 
3d 
3e Ca=NN 
687 


Table | 


X— 
( 0 ( X 
No asymmetri sVimet ric 
npound type stretch stretch 
studied stretch stretch 
(cm cm } 
(ct 


1139-69 


1699 17 


1690-6 1170-1230 


1650-60 1220-65 
1666 
1670 


1091? 


* Spectrum obtained from solid-state Nujol mull. 

+ Usually there are other absorptions in these regions of the spectrum, which make these fundamentals 
difficult to assign with ce« rtainty 

z Several bands occur from 850 1050 em 
fundamental 


' of varying intensity, one of which is probably due to this 
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No 
fa CI—C—O—R 6 1775-80 
ib l 1784 1113 
ya S—R 2 1766-72 
fia R—O—( NHR s 1732-38 1210-1250 
7a R—-S—( NH, l 
0 
7b R-—S—C—NHR 8 
0 
7c* R—S— NHoé 6 1649-62 1152-1165 
7d* 5 1652-59 1152-60 
0 
Sa ( —NR, 
Sb* —S—( NR, l 
0 
R—S—C—N¢, l 
0 
1742 
o,N— l 1751 sh 1138? 


Table 1— (contd.) 


C_Y Y—C—-Y Y—C—Y 
No. stretch “SY™mmetric symmetric A B 
. 1) stretch stretch (A and B==X or Y) 
1) Out-of-plane 
skeletal 
deformation 


Others 


(cm 


(em ) (cm 


(em 1) 


C-type band at 696 c¢m~! in the vapor 
phase spectrum of methyl chloro 
formate 


CH,—S C—O stretch 1782em~! 
(vapor) C—O stretch corrected for 
> Fermi resonance ~1760 (CCI), 
1763em~! (vapor) 
Fermi resonance negligible in aryl 
thiolehloroformates 


760-80? N H stretch 3449-78 (not hydro- 
gen bonded in dilute solution) 


Asymmetric NH, stretch 
symmetric NH, stretch 3414 em! 
(dilute solution) 


N H stretch 3431-53 (dilute 


solution 


N—H stretch 3258-3310 em~!; in-plane 
deformation 1517-37 em~! 


N H stretch 3289-3320 em~!; N H 


in-plane deformation 1517-56 em~! 


660? 0 stretch 1763 en 
ethyl 


N stretch 1262 em 


§ Several bands occur from 700 to 850 em~! of varying intensity, one of which is probably due to 
this fundamental. 
** Weak band in the 600-700 cm~ region of the spectrum. 
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to our discussion above, a symmetric —O—C—O— stretching absorption is to be 
expected near ~950 cm~!, but this mode does not appear to have a uniformly 
high intensity, and because several other absorptions also occur in this region, it 
cannot be uniquely assigned in all cases. 

A mode which we suspect is out-of-plane skeletal deformation can be reasonably 
well assigned, on the basis of analogy to COF, [6], for dialkyl carbonates at 785-— 
800 em~!. Mono- and di-aryl carbonates show several other fundamentals in this 
region, so that this mode cannot be located with precision for these molecules. 


0 
Carbamates, C N 


Only one class of carbamates is listed in Table 1, series 6. The carbonyl stretch- 
ing frequency in the region 1732-38 em~! (CCI, solution) for compounds of the type 


NHR has been discussed in the literature [13]. The strong absorption 
band in the region 1210-50cm~™ is probably the asymmetric N—C—O 
stretching mode. The symmetric N-—-C—-O— stretching mode does not appear 
to be a useful group frequency, for there are several absorption bands of varying 


intensity in the region 850-1050 em~!; 
vibration is difficult to determine. A weak band is consistently observed in the 


which of these is due to this symmetric 


region 760-780 cm~! which we believe to be the out-of-plane skeletal deformation 


of the } group. 
Compounds of type C 


As discussed above, it will be expected that these compounds will also have a 


characteristic carbonyl absorption whose frequency will depend on the nature of 


substituent groups X and Y, a mode which is essentially “‘“—-C—-X”’ stretching 


near 1100 cm~!, a mode which is very approximately ““—-C—-Y” stretching in the 
region ~750cm~', and an out-of-plane skeletal deformation near ~650 cm~!. 
The latter two modes may or may not be possible to assign. 


[13] S. Prycnas and D. Ben-Isnar, J. Am. Chem. Soc. 79, 4099 (1957). 
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0 
Monothiolcarbonates, —-O C 


Monothiolcarbonates have not been extensively studied [3,14]. Baker and 
Harris [3] list the carbonyl frequencies for a few molecules of this type in their 
study. 

Characteristic frequencies of monothiol carbonates are listed in Table 1, series 
3, and it is readily noted that the carbonyl! frequencies of each class are consistently 
lower than the analogous ordinary carbonates. The persistently strong band 


noted in the region 1056-1169 ecm~' is assigned to the *“—C—O stretching” vibra- 
tion. Absorption bands of varying intensity were noted in the 800 em~! region of 
the spectrum, but a “‘good” group frequency correlation could not be obtained 


for the “*-C——S stretching” vibration of this class of compounds, as other vibra- 
tions also have absorption bands in this region of the spectrum. A weak band is 
noted in the 650-670 em~! region which we believe to result from the out-of-plane 
skeletal deformation. 


Thiolcarbamates, 


N N 


These types of compounds are listed in Table 1, series 7 and 8. The carbony! 
frequencies are roughly what would be expected on the basis of analogy to carba- 
mates (effects of nitrogen substituent, hydrogen bonding, etc., |13—15]) and thiol 
esters (effect of the thiol sulfur atom on the carbonyl frequency, see Refs. [1—3)). 
A persistently strong absorption band is observed in the region 1152-1275 em™', 


which is probably best described as a ““N-—-C— stretch”. We expect a mode 


which is very approximately ““—-C-—-S— stretch” to occur near ~750 em ~', but 
these compounds show several absorption bands in the region 700-850 em~!, and 
no unique assignment is possible. Similarly, no absorption near ~650 cm~ could 
be assigned with certainty to the out-of-plane skeletal deformation for this group. 


0 0 
Carbamoy] chlorides, C C 
R.N Cl >.N Cl 


These compounds are listed in Table 1, series 9. Both show the expected 
“group frequency” absorptions, but as only two compounds of this type were 
studied the data are of limited value. 


i. A. Nyquist, Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy, 1961. 
. J. Bettamy, The Infrared Spectra of Complex Molecules (2nd Ed.) Chap. 12. Methuen, London 
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8) 
Chloroformates,R O C Clandd O C Cl 


The alkyl chloroformates (series 4a, Table 1) have a carbonyl stretching 
frequency in the range 1775-80 cm~ which is consistent with previous work [9, 11]. 


The “—C—O— stretching’ mode produces a strong absorption in the region 
1139-69 cm~'. A band of medium intensity is usually noted near ~800 cm~', but 
because other absorption bands occur in this region, it is difficult to assign the 


expected “—C—C] stretching” mode to this absorption. A weak band is observed 
in the region 685-687 em~! in CS, solution. This absorption band occurs at 696 
em! in the vapor-phase spectrum of methyl chloroformate, and shows a typical 
“type C’ contour; hence, it is quite reasonably assigned to the out-of-plane 
skeletal deformation. 

The carbonyl stretching absorption of phenyl chloroformate occurs at 1784 


em~! and the *“—C-—-O— stretch” mode absorbs at 1113 em~'. The out-of-plane 
skeletal deformation frequency could not be uniquely assigned, but most likely 
occurs near that of the alkyl! chloroformates. 


0 
Compounds of type C 
Y Y 


These compounds have received relatively little investigation to date | 1, 3). 
As discussed above, these compound types will be expected to have a carbony! 
stretching mode whose frequency will depend on the nature of the substituents Y, 


an asymmetric Y—-C—Y stretching mode near ~850 cm~!, a symmetric Y—C—Y 
stretching mode near 600 c¢m~', and an out-of-plane skeletal deformation also 
near 600 cm~', by analogy with COCI, [6, 7]. 


0 


Dithiol carbonates ( C 

The dithiol carbonates are listed in Table 1, series 2. It is readily noted that 
the dithiol carbonates have consistently lower carbonyl! stretching frequencies 
than the corresponding ordinary carbonates. Previous workers [1-3] have com- 
mented on this fact, and no further discussion of this point will be made here. 


There are, however. certain effects on the (C—O stretching that are peculiar to 


compounds of type Y—-C—Y, which are discussed below. 
The strong, persistent absorption in the region 827-880 cm~ results from a 


mode that is probably best described as an asymmetric —S ‘__S— stretching 
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vibration (see Fig. 2, which shows the spectra of diallyl dithiol carbonate and 
dipropyl dithiol carbonate); this absorption is very intense and is usually the 
strongest band in the spectrum of these molecules; for this reason it makes an 
excellent “group” frequency. 

The absorption of intermediate intensity, which consistently occurs in the 
region 560-570 em~!, we believe to result from a mode which is approximately 


describable as symmetric —S—C—S— stretch, while the weak but persistent 
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Fig. 2. (Top)—Infrared spectrum of diallyl dithiol carbonate. (Bottom)—IR spectrum of 


dipropy! dithiol carbonate. 


absorption at 554-595 cm~ is probably the result of the out-of-plane carbony! 
skeletal mode. Although not intense, these absorptions are useful as “group” 
frequencies. 

The asymmetric S_C—8 stretching mode consistently shows a strong 
first overtone which occurs in the carbonyl stretching region (~1700 em™, see 
Fig. 2); sometimes this overtone is at slightly higher frequency, sometimes at 
slightly lower frequency, than the carbonyl stretching absorption. The relatively 
high intensity of this first overtone and its proximity to the carbonyl stretching 
frequency readily suggest that there is a Fermi resonance interaction between the 
two. Therefore, in order to compare the carbonyl frequencies of these compounds 
with those of similar compounds (carbonates and monothiol carbonates), the 
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carbonyl frequencies must be corrected for Fermi resonance. This is readily done 


by use of the simple expression derived by Lancseru and Lorp [16] 
” - @, 


2 2 

in which @, and ™, are the observed band frequencies, /, and /, their intensities, 
and the two values of ° calculated by the equation will be approximately the 
unperturbed frequencies. This correction has been applied to the carbonyl fre- 
quencies of the dithiol carbonates, and the corrected values are listed in the far 
right-hand column of Table 1. It can be seen that the corrected carbonyl! stretching 
frequencies show a much better correspondence to the frequencies of the analogous 
ordinary carbonate compounds, which we interpret as further evidence that the 
occurrence of two relatively strong absorption bands in the 1700 cm~! region is 
indeed the result of a Fermi resonance interaction. 

Ethylene dithiol carbonate (compound 2d in Table 1) presents an interesting 
extreme example of Fermi resonance interactions. When the spectrum is obtained 


from a liquid capillary film, five absorption maxima are noted in the region of 


1638e 1677¢ 1723 1768 and 1809 the 
strongest of which is the 1638 em~! absorption maximum (see Fig. 3, bottom). 
Mecke ef al. {1} have assigned this latter absorption to C—O stretching; compared 
to the carbonyl stretching frequencies of open-chain dialkyl! dithiol carbonates 
(~1640-1650 em~') this is a rather surprising result, for it is well known that 
carbonyl groups contained in five-membered ring compounds universally show 
higher stretching frequencies than shown by analogous open-chain compounds. 
When the spectrum is obtained in CCl, solution, the absorption maxima in this 
region are 1640 1677 em~!, i718 em~', 1740 em~!, 1760 em~ and 1797 
the strongest of which is now that at 1677 em~ (see Fig. 3, top). We suggest that 
the explanation for these multiple frequencies and their intensity alteration is the 
result of Fermi resonance interactions with overtones and combinations of the 
skeletal modes at 821 cm~!, 880 em~! and 921 cm (CCI, solution). These skeletal 
modes presumably all involve a fair amount of —C—S— stretching [1] and are 


thus somewhat analogous in properties to the ‘asymmetric —S—C—S— stretch- 
ing mode of the open-chain compounds. 

In CCl, solution the absorption at 1640 cem~ is very close to twice that of the 
S21 cm”! absorption, and hence is reasonably assigned as its first overtone, Fermi 
interaction apparently being small. The combination of 821 SSO 1701 em! 
differs significantly with the observed absorption at 1718 em~!; therefore, we 
suggest that this absorption is the one most responsible for perturbation of the 
carbonyl mode by Fermi resonance interaction, and we have selected it to use in 
correction of the carbonyl frequency for this perturbation. The corrected frequency 
of the overtone now becomes 1701 cm~! (encouraging agreement with 821 SSO) 
while the carbonyl stretching becomes 1694 ¢m~!, which seems a much more 
reasonable frequency by analogy with open-chain and cyclic carbonates and 
open-chain dithiol carbonates. The weaker absorptions at 1740 em~, 1760 em™! 


16 \. LANGSETH and R. ¢ LORD, Kal. Danske Videnskab Selekah, Vat fus Medd 16, 6 (1048), 
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and 1797 em~! (CCI, solution) are interpreted as 821 920 1741 cm-}, 2 « 880 

1760 em~ and 880 920 = 1800 cm~', respectively. 

In the spectrum of the pure liquid it appears that both the overtone of the 
828 em~!' mode and the combination of the 828 and 888 em-! modes are in Fermi 
resonance with the carbonyl stretching mode (2 * 828 are unequal to 1638: 
828 + 888 are unequal to 1723) and the situation is more complex. We suggest 
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Fig. 3. (Top IR spectrum of ethylene dithiol carbonate (3800-1333 em=' in CCl: 1333 


$50em ,). (Bottom)-—IR spectrum of ethylene dithiol carbonat« liquid capillary film). 


that this multiple Fermi resonance is probably responsible for the anomalous 
intensity distribution among the bands in the 1700 cm~! region, and that our 
assignment of the corrected frequency from CCl, solution—1694 em~!—is probably 
a better value for the carbonyl stretching frequency. 


Thiol chloroformates, Cl C 

Frequencies for thiol chloroformates are given in Table 1, series 5. The carbony] 
stretching frequencies are in the range that would be expected by analogy to 
chloroformates and thiol esters. However. the carbonyl frequency difference 
between alkyl thiol chloroformates (1766-1772 em~) and aryl thiol chloroformates 
(1769-1775 em~') is rather smaller than the differences usually encountered 
between carbonyl! frequencies of other types of alkyl and aryl esters (compare la, 
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Ib and le; 2a, 2b and 2c—after correcting for Fermi resonance; 4a and 4b; see 
also Refs. { 2] and {15}, and discussion in early part of this work). When the carbonyl! 
stretching frequencies are corrected for Fermi resonance interactions, however, 
they become more analogous to other ester types (see below). 

Fig. 4 shows spectra of typical members of this compound class. A strong 
absorption is noted at ~845 cm~' for the alkyl esters, and at ~815 cm~ for 


the aryl esters: we have assigned this to the asymmetric —S—-C—C| stretching 
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IR spectrum of methyl thiolchloroformate. (Bottom) Ik spectrum of 
phenyl! thiolchloroformate. 


mode. The absorption band of medium intensity in the region 580-595 cm~ is 


probably the symmetric —S—C—Cl stretching mode, while the weak band 
consistently found near 560 cm~' is believed to be the out-of-plane skeletal 
deformation. 

The first overtone of the asymmetric —-S--C—C] stretching mode for aryl 
thiol chloroformates is relatively weak, and quite “normal” in intensity for an 
overtone absorption. However, the first overtone of this mode for alkyl thiol 
chloroformates falls close to the carbonyl absorption, is relatively intense, and 
therefore suggests that a strong Fermi resonance interaction between the carbonyl 
stretching mode and this overtone occurs for alkyl-type esters. When the overtone 
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and carbonyl modes are corrected for Fermi resonance. the carbonyl frequency 


now falls to ~1760 em~ (see Table 1); this frequency now bears a more reasonable 
relation to the carbonyl frequencies of the aryl esters, which do not show evidence 
of any strong Fermi resonance interactions. 


Summary 


The asymmetric X—C—X and Y—C—Y stretching modes, and the “—C—X” 
stretching mode appear to make useful group frequencies whose values are reason- 
ably predictable from the above discussion. The symmetric vibrations. and 


“—C—Y— stretch”, however, do not appear to be as useful group frequencies, 
partly due to their low absorption intensity, and partly due to the sensitivity of 
the form of the normal vibrations to small changes in mass and geometry of the 
molecule; this is particularly true in the unsymmetrical molecules. Although a 
weak absorption, the out-of-plane skeletal deformation seems to be a predictable 
group frequency if it is not masked by stronger absorptions that often occur in 
the same frequency region. 
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Attenuated total reflection* 


A new principle for the production of useful infra-red reflection 
spectra of organic compounds 


J. FAHRENFORT 
Koninklijke/Shell-Laboratorium, Amsterdam 
(Shell Internationale Research Maatschappij N.V.) 


Abstract — Infra-red reflection spectra of exceptionally good contrast can be obtained if the 
interface between a dielectric of high refractive index and the sample is taken as the reflecting 
surface. Radiation incident from the strongly refracting dielectric on this interface at an angle 
somewhat larger than the critical angle will be totally reflected, but only in those frequency 
regions where the second medium is non-absorbing («x 0). In regions with «x 0, reflection 
will not be total any more and, accordingly, a reflection spectrum of high contrast and intensity 
is obtained, which strongly resembles a transmission spectrum. 

These spectra may, after calibration, be used as such for quantitative purposes. They may 
also, by graphical methods or by application of the KraMEeRs-KRon1G relation, be converted 


Into spectra of the optical constants nm and x. 


Introduction 


REFLECTION spectra are in general recorded for either of two reasons. The first 


reason is that they permit to determine the refractive and absorption indices (the 
optical constants); the other is that in this way data can be obtained on an other- 
wise intractable sample, as for instance a strongly absorbing crystal, which for 
transmission measurements would have to be prepared in impracticably thin 
lavers. 

The reflection technique, however, does not always lead to satisfactory results; 
it normally fails for substances showing weak absorption. This sets a severe 
limitation to the applicability of the reflection technique, as the great majority of 
absorption bands of organic materials are weak. 

On the other hand, the numbers of cases in which organic samples are not 
amenable to transmission measurements is becoming increasingly important. As 
the development of a reflection technique suitable for weakly absorbing substances 
would not only extend the applicability of spectroscopic investigation but might 
also be expected to yield data on the optical constants of solvents and similar 
substances, the present investigation was undertaken. 


Existing techniques and their shortcomings 
Several methods [1-3] have been devised for the measurement of infra-red 
reflection spectra of strongly absorbing materials, and for their conversion into 
spectra of the optical constants. All of these methods are based on the formulae 


* Paper presented at the meeting of the European Molecular Spectroscopy Group, Bologna, 1959. 
1} I. Simon, J. Opt. Soc. Am. 41, 336 (1951) 
2) D. G. Avery. Proc. Phys. Soc. (London) B 65. 425 (1952). 
3| T. S. Roprxson, Proc. Phys. Soc. (London) B 65, 910 (1952); T. S. Ropinson and W. C. Price, 
Ibid. B 66, 969 (1953). 
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of Fresnel and Snellius, extended with the concept of the complex refractive index. 
The formulae of Fresnel give the ratio r of the reflected amplitude to that of 

the incident light wave 
sin (4 tan 6,) 


- > (1) 
sin (9 + 6,) tan (9 + 6,) 


where the subscript s refers to the case of light polarized perpendicularly to the 
plane of incidence, p to the case of parallel polarized light. @ is the angle of inci- 
dence, 6, the angle of refraction. 

Snellius’ law gives the relation between 4 and 6, 


sin 6 n’ sin 4, (2) 


with n’ representing the refractive index which, in the case of refraction into an 
absorbing medium, is a complex number 


ix) (3) 
nw stands for the real part of the refractive index, « is a number called absorption 
index, as it is closely related to the phenomenon of absorption. Both n and « 
appear in Lambert’s absorption coefficient « which is given by 


donk 
(4) 


and hence can be calculated if » and « are given as functions of the wavelength 2. 
The complex refractive index naturally relates the angle of incidence to a 
complex angle of refraction. Thus we may write 


ih 


l 
cos 4, (1 sin® 2 


n’ 


Substituting this expression in Fresnel’s formulae (1), we obtain the complex 
reflected amplitudes 
a ib cos 4 a ib sin # tan 6 
: = : (6) 
a ib cos 4 a ib sin 4 tan @ 
The reflecting powers, which will eventually be measured, are given by the squared 
absolute values of the complex reflected amplitudes 
2a cos cos* 
2a sin tan 6 tan? 
(5) 
2a sin tan + sin* tan? 
If the optical constants » and « are to be determined from reflection measurements. 
evidently two simultaneous equations have to be obtained, which can be solved 
for n and x. Usually these equations are found from measurements at two widely 
different angles @. 
From an examination of the formulae, however, it appears that the optical 


699 


L . 
17 
a |_| 
: 


J. FAHRENFOR' 


constants cannot always be determined accurately from the observed values of 


the reflecting power. If the refractive index assumes values between 7 1 and 


2. as it usually does, reliable values for the absorption index will be derived 


only if its value is greater than « = 0-2. This may be seen from Table 1, giving 
4 the most sensitive reflecting power |r,|* for two angles 6, constant » and a number 
of « values. 


It is seen that. though there is a considerable difference between the reflecting 


power at 4 70° and that at 4 20°, the values of |r.J? for x 0 and « 0-1 


show hardly any difference. Even the difference for « = 0 and « = 0-2 is so small 
that it will be virtually impossible to find an accurate value of « from this difference. 
Substances whose absorption bands are accompanied by changes in « in the 


region « Oto Kk 0-2 will show reflection spectra of low over-all intensity, and 


with insufficient contrast for a determination of the optical constants. On the 
other hand, absorption bands in which « reaches a value of 0-2 are rather except- 
ional, at least in the spectra of organic compounds. When calculated according to 
+) with » 1-4. 24 = 5 w and with a sample thickness of 10 uw, a value of « = 0-2 
results in a transmission of only 0-05 per cent. A further illustration of the «-values 


normally encountered in infra-red spectroscopy is given in Table 2, which covers 


the most important wavelength region and the commonly used range of cell 


thicknesses. 


Table 2. Values of « for different combinations of sample 


thickness / and wavelength at 7 0-367 and n 1-4 


(mm) 


: 


57 10 lon 2:3 l 
5 1-4 103 5-7 10-3 2.8 10-2 
10 2-8 5-7 1-1 lo? lo? 
2 5 1-7 lo 5 


Development of a new reflection technique 
In the last section it was demonstrated that, from materials with optical 
constants in the range « < 0-2 and 1 < »” < 2, no useful reflection spectra can be 


obtained. 
This situation can be improved, however, by creating the conditions required 
for total reflection by means of suitable choice of the refractive index x. 
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The refractive index is essentially only the ratio of the velocities of light in the 
two media adjacent to the reflecting surface. 


(9) 


Using, instead of the surface in air, the interface between the sample and an 
optically dense dielectric as the reflecting surface, it is possible to give the re- 
fractive index at the interface a greatly different value. If, furthermore, the 
dielectric and the angle of incidence § are chosen in such a way than n < sin 9, 
reflection becomes total for samples with « = 0, i.e. non-absorbing. 

Total reflection is accompanied by a wave motion with wave fronts perpendi- 
cular to the interface in both media. If the second medium is non-absorbing, the 
time average of the energy transfer from one medium to the other vanishes, and 
all incident energy is reflected. Microscopically, however, at any moment, one 
finds a periodic alternation of places where energy is transferred from the first to 
the second medium, with places where the energy stream flows in the opposite 
direction. 

If for the second medium « + 9, it is therefore to be expected that the reflection 
will no longer be total, but that part of the incident radiation will be absorbed by 
the surface layers. 

A closer consideration shows that such a reflection attenuation indeed takes 
place, and to such a degree that it is manifest even for small «-values. This is 
apparent on inspection of Fig. 1, in which calculated values of |r.|? for polarized 
and |r|? = 4(|r,|? r,|") for non-polarized light are given for angles 4 slightly 
larger than the critical angle for total reflection. The values are calculated for the 
combinations = 0-707 and « = 10-4, 10-3, and 2 « 10-1, 

The reflection attenuation is seen to be greatest in the immediate vicinity of 
the critical angle, and to be appreciable for all «-values that according to Table 2 
are normally encountered in organic materials. 

As in transmission spectra, a larger «-value of the sample corresponds to a 
smaller intensity of the light leaving the sample. Provided we work with a well- 
defined angle of incidence, we may obtain 


0-97 for 


0-24 for x 0-: 


This means that the spectrum obtained will show the features of a transmission 
spectrum of a sample of 0-2 mm thickness in those regions where x = 10-4, and 
those of a sample only 0-004 mm thick for « = 0-2. 


Experimental procedure 
In the infra-red region, the measurements of reflection with » | as described 
above can be carried out at the interface between the absorbing medium and a 
crystal of KRS 5 or AgCl. These crystals are transparent and have refractive 
indices of 2 or more throughout the infra-red region. The refractive index of the 


great majority of organic compounds is smaller. 
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The crystals can best be used in the shape of a hemi-cylinder. The diametrical 
face is used as the reflecting interface and the curved surface serves as entrance and 
exit window for the light beam as shown in Fig. 2(a). 


LO *=0.000/ 
*x=0,00/ 


CRITICAL 
ANGLE 


45° 45°20' 45°40" 46° 46°20" 


eflecting power and the value of « at angles of incidence above 
the critical angle for n 0-707. 


When the beam has its focus in the centre of the cylinder, it passes the curved 


surface unrefracted, so that the angle of incidence may be given any desired value. 
An improvement of this set-up is obtained if the optics are arranged so as to 
give a focus outside the cylinder, as shown in Fig. 2(b). If the focus is at a distance 
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With beam focused on the reflecting interface. 


\ \ \ \ \ \ \ 


(b) With a focus outside the cylinder resulting in a parallel incidence 
on the reflecting interface. 


Fig. 2. Reflection arrangements of the hemi-cylinder. 
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R, Ri(n |) from the cylindrical surface, a fairly parallel light beam is obtained 


inside the erystal. The consequence is a better-defined angle of incidence. 


The setting of the angle of incidence is carried out with a reflection accessory 


suitable for horizontal samples (Fig. 3). Radiation from the light source L passes 
the polarizer P and, after reflection by the spherical mirror M, and the plane 
mirror .W/,. is focused on the sample S, which is covered by the hemi-cylindrical 


ery stal. The reflected beam passes V ia the flat mirror M, and the spherical one M, 


to the flat mirror .V, which deflects the beam over 90° and projects a 1:1 image of 
the light source on the slit of the monochromator. The position of M,, WM, and M, 
is fixed. In setting the angle of incidence at the desired value. L. P. M, and M, 


are simultaneously shifted horizontally by means of the screw T. The arms A, 


and A, move the sample along a circular path, keeping it at a constant distance 


from .V,. and in a horizontal position 
By means of two angle-dividing mechanisms, MW, and M, are turned in such a 


way that on manipulating 7 the focus remains in the same position on the sample. 


The angle of incidence can be given any value between 15° and 85°, and may be 


read with an accuras \ of 2’ on the scale G 


The samples are placed on a table resting on a micrometer screw which allows 


of exact positioning of the reflecting surface. With this accessory, liquid samples 


may also easily be studied 


Results 
\ few examples will be given here to illustrate the performance of the new 
attenuated total reflection (ATR) technique. In Fig. 4 recorded spectra of dibutyl- 


phth ilate. an organic liquid are presented 


A is the transmission spectrum, recorded with a light path of 0-01 mm. 


B is the spectrum of the energy reflected by a bare liquid sample at 4 i. 


(’ is the reflection spectrum recorded with the new technique with the sample 


covered by an AgC] cry stal 


All spectra are recorded under otherwise identical circumstances. The similar- 


ity of the transmission spectrum and the attenuated total-reflection spectrum is 


evident. The gain in intensity and detail present in the ATR spectrum is also well 


illustrated by the comparison with the normal reflection B. 


In Fig. 5 the reflection spectra of an insoluble epoxy resin are given, recorded 


by the old and the new technique. /, represents the energy totally reflected by 


the interface KRS 5/air. Again the improvement is evident. 
In Fig. 6 a comparison is given between the transmission spectrum of a KBr 
pellet and a reflection spectrum of a KRS 5-covered block of the same epoxy resin. 


The latter spectrum was obtained from a face ground on the resin block with 


polishing paper. Optical contact with the cylinder was obtained by placing a 
thin layer of carbon disulphide between the KRS 5 crystal and the sample. It 
was found that in many cases the optical contact was retained after evaporation 


of the solvent. 


Applications 


As the new method bears a resemblance to transmission as well as to reflection 


measurements, it was examined as to its potentialities for fulfilling the specific 
tasks of both. 
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Fig. 3. Reflection accessory for measurements on horizontal samples. 
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Transmission spectra are used in general for purposes of identification and 
quantitative analysis. The similarity between the new ATR spectra and trans- 
mission spectra is so great in all cases investigated, that probably the collections 
of standard transmission spectra can also be used as a reference for identification 
by means of the reflection spectra. 


ENERGY 


990 042 1075 


Fig. 4. Spectra of dibutylphthalate; J,: common reference intensity for all spectra; 
A; transmission spectrum; B: conventional reflection spectrum; C; ATR spectrum 
using an AgCl crystal. 
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EPOXY RESIN UNDER KRS5 


EPOXY RESIN ( BARE SURFACE) 
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nparison between conventional reflection spectrum and ATR spectrum of a 
solid epoxy resin. 


In view of the importance of the quantitative analytical aspect, it was as- 
certained how far a simple relation like that of Lambert—Beer still approximates 
the intensity variation of the reflection bands. 

The reflection bands of a number of solutions, of decene-1 in Nujol, were 
Beer's 
law was applied at the points of maximum intensity of the reflection bands. The 


measured. Taking the reflection of the pure solvent as a substitute for / 
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Attenuated total reflection 


relation between the formal “optical density”’ and the concentration thus obtained 
is given in Fig. 7. The deviation from linearity is not greater than that normally 
found if the optical density derived from transmission measurements is plotted as 
a function of concentration. We may conclude therefore, that the present ATR 
method could, after calibration, directly be used for quantitative purposes. 

A special feature of the technique is the possibility of using a sample of arbitrary 
dimensions instead of a thin layer. Therefore this ATR technique may be useful 


TRANSMISSION (%/ 
100) 


(300 1200 1100 1000 900 800 
FREQUENCY ( 


Fig. 6. Comparison between KBr-pellet transmission spectrum (A) and ATR spectrum of a 
solid epoxy resin (B). 


for special applications, like measurement on process streams or the following of 
reactions in liquids, pastes or solids. 

While it follows from the above that in a number of cases the attenuated total- 
reflection spectrum can replace a transmission spectrum, it may also serve for the 
determination of the optical constants. As in the ATR method the angle of 
incidence to be used is imposed by the qualities of the sample, the usual calculating 


procedure which starts from measurements at two fixed angles cannot be used. 


Two courses could be adopted. In one procedure |r,|* and j|r,)? are measured 
separately and a coincident pair of optical constants is determined by means of 
two families of precalculated curves presenting the intensity as a function of » and 
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« similar to the curves used by Simon [1] and by Avery {2}. In order to apply the 
procedure, the families of curves must be available for any possible angle 6 within 
a range of at least 10° and with steps no larger than | An alternative to this 
graphical procedure is the application of the Kkamers—Kronic relation [3). 

In this procedure the two simultaneous equations to be solved for » and « are 
not obtained from two measurements, but from one measurement and subsequent 


application of the causality condition | 4}. 


FORMAL OPTICAL DENSITY 
O04 


907 cm-! BAND 


992 cm-! BAND 


10 20 30 40 50 60 70 80 90 100 
CONCENTRATION , % 


Relation between formal “optical density’ and concentration for two bands of 
decene-| in Nujol. 


The measurement in this case may be restricted to |r,)?, |r,|* or |r,/r,)? (as a 
function of wavelength) at one angle 9. Application of the Kramers—Kronic 
relation to the spectrum of the natural logarithm of any one of these quantities 


yields the phase angle ¢ of the complex reflected amplitude, e.g. 
(10) 
equivalent to (6), by means of the formula 


In In 


rsle dy (11) 


— », 

(4) H. A. Kramers, Atti congr. Fisici, Como 545 (1927); R. de L. Kronia. Physik. Z. 39, 823 (1938); 
H. Takanast, Proc. Phys.-Math. Soc. Japan 24, 63 (1942); H. W. Bopr, Network Analysis and 
Feedback Amplifier Design. Van Nostrand, New York (1945); N. G. va~n Kampen, Phys. Rev. 89, 
1072 (1953); J.S. Tour, Jbid. 104, 1760 (1956). 
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The suffix ¢ denotes the point in the frequency spectrum in which the phase angle 
is calculated. 

It is easily seen that, if r, is known in its complex form, equation (6) yields a 
and / separately in terms of |r.) and d. The optical constants then follow from (5). 
This method becomes practicable if the lengthly calculations can be made with 
the help of an electronic computer. 


Conclusion 


A new method for the production of intense and sensitive reflection spectra of 


weakly absorbing substances has been developed. The spectrum thus obtained 


shows a high degree of similarity to ordinary transmission spectra. This attenuated 
total reflection (ATR) technique will be useful in many cases in which normal 
infra-red techniques fail owing to difficulties in sample preparation. 

The new reflection spectra can be used directly in combination with collections 
of standard transmission spectra for identification purposes. 

Direct application for quantitative analysis is nearly as easy as that of trans- 
mission spectra. 

Furthermore, the special features of this ATR technique might be important 
for application in cases where the investigation of sample layers of arbitrary 
thickness is unavoidable. Such circumstances are met in the spectroscopic investi- 
gation of macromolecular substances, of chemical reactions in progress and of 
ageing processes in surface layers, paints, etc. 

In those cases where exact data on the optical constants are wanted, these may 
be calculated with the methods known from conventional reflection spectroscopy. 
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Performance of a simple atomic absorption spectrophotometer 


B. M. Garenouse and J. B. Writs 


‘nemical Physies, CSIRO, Chemical Research Laboratories, Melbourne, Australia 
(Received 23 January 1961 


Abstract—The scope of a simple atomic absorption spectrophotometer in the determination of 
metal ions in solution is illustrated by the results obtained for thirtv-six elements \ppropriate 
tion of the experimental conditions for each element has vielded lower limits of detection 

ose reported previously for the atomic al sorption method. The second resonance 


permits the method to be extended to the determination of high concentrations. 


Srxce the early work of Waxsu [1] and Russext ef al. [2] there has been a rapidly in- 
creasing interest in atomic absorption methods for the determination of metal ions in 
solution Recent progress has been such that the scope of these methods is now 
much wider than that described in the most recent reviews [3. 4], and it appears 
opportune to give a detailed survey of the metho las exe m plified by the performance 


a simple atomic absorption spectrophotometer [5]. This type of equipment has 
been used by Davip [6-9] for the analysis of soils and plants, by Wri.is [10-13] for 


the analysis of blood serum and urine. and by Raw ine ef al. [14] for the analysis of 


le wi concentrates 
Experimental 


The apparatus Was that dev eloped by Box and Wal SH | 5! exe pt that the power- 


packs and amplifier were standard production models.* Similarly manv of the hollow 
n of Jones and [15 


Phe solution to be measured was spraved into the flame through an EEL atomizer 


onl tubes were commercially made to the des 


and sprav chambet the upt ike of solution was about 3 ml/min 

The 10-em burner. which could use either air—coal gas or air—acetvlene. was of 
massive construction in stainless steel in order to avoid distortion due to heat 
Details of construction are shown in Fig. 1. The consumption of air was about 
4 |/min, that of coal gas 2 l/min, and that of acetvlene about 1-2 I/min. This burner 


could of course be replaced by the water-cooled type described by Ciixton [16] and 
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187, (1960 
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Amos, Nature 188, 137 (1960 


Spectrochim. Acta 16, 240 (1000), 
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Spectrochimica Acta, 1961, Vol. 17, pp. 710 to 713, 
Division of ¢ 
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* Techtron Appliar South Melbour: Australia 
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used extensively by ALLAN [17-20] in his work on the analysis of samples of 


agricultural interest. 
Calibrating solutions for each metal were made up by dilution from a stock 
solution containing 1000 p.p.m., which was obtained by dissolving the metal in 


hydrochloric acid or a pure stoichiometric salt of the metal in water. The solutions 


were acidified with acid where necessary to prevent hydrolysis. 


r 
4*in 
32 
ve 
Oo Locating pins 
2 
Fig. 1. Diagram illustrating construction of 10-cm burner. The two halves are dowelled 


and screwed together. 


Results and discussion 


Table | summarizes the best experimental conditions found for the determination 


of each metal, both for very dilute and for more concentrated solutions. 


The limits of detection are based on the assumption that the smallest detectable 


absorption was | per cent, which corresponded to the maximum noise level, although 


it will be seen from Table 1 that in many cases the noise was well below this figure. 


With a monitored hollow-cathode source and a scale expansion unit the limits of 


detection could certainly be reduced somewhat, as the noise introduced by irregularity 


in the atomizer was only about 0-25 per cent. 


The limits of detection given here refer to solutions containing only the salt of 


the ion being determined: in the presence of large concentrations of other ions the 


sensitivity in some cases may be less than that shown. 
Five factors are involved in the choice of optimum conditions for the estimation 


‘a given metal. 


Hollow-cathode fille r qas 


Most of the hollow-cathode tubes used in this investigation were filled with 


7] J. E. ALLAN, Analyst 83, 466 (1958 

18) J. FE. ALLAN, Spectrochim. Acta 1§, 800 (1959) 
19) J. KE. ALLAN, Spectrochim. Acta 17, 459 (1961 
20) J. E. Awan, Spectrochim. Acta 17, 467 (1961). 
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Table 1. Optimum conditions and limits of detection of metal ions in solution by a simple 


atomic absorption spectrophotometer [5 


wentration Concentration 


Line Slit width® Nos p.p p.p.m.) 


Metal current Flame* 


giving 50°, giving 1° 


absorption absorption 


mas 


42°97 


2300 


4607 10 


4078 


5536 
7911 


3262 


2139 


3261 


3962 


2874 
4172 
2044 
4033 


See tootnotes to table on p. 714 


Lamy 
ix 
Li 12 6708 110 nil ( 2 
4 Na | 5800 13 O25 0-03 
Sou 3302 3 l ( 350 5 
7 
Rb 7800 150 1 a. 
1556 8 nil ‘ 1500 20 
. 
Cu 4 3248 3 nil 6 Ol 
Is 2298 2 2 
Ag 4 3281 3 4 0-05 
4 3383 3 0-5 c 2 
Au 6 2428 l l 20 0-3 17 
6 "476 l l loo l 3 } 
Be 20 2349 l A 100 k 
Mg 6 2852 2 0-25 A ool a.c,l 
6 2706 25 \ 15 
Ca 10 6 0-25 \ 5 
“0 
20 nil A 3-5 
Ba 36 l \ ooo 
A 1000 
2 C 2 0-03 al 
3 l 1400 20 
Hg 2537 0-5 1000 10 e : 
Al 20 5 0-25 A 1000 
Ga 4 O-5 A 250 3 a.k 
a 4 4 0-25 A 400 5 
i 4 l Os A 300 3 
= 4 4 0-25 A 500 q 
bee 
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Table l (contd.) 


Metal 


Lamp 


current 


(mA) 


Line 


(A) 


2768 


3776 


4982 


2363 


2833 


2614 


2892 


2009 


3184 


4379 


$059 
4080 
4124 
4137 


2311 


2176 
3068 


3579 
4254 


3133 


3170 


$204 
102 


2483 
3720 
2407 
3454 
3527 


2320 


3415 


3435 


2476 


absorption spectrophotometer 


Concentration Concentration 


Slit width* Noise Flamet (p.p.m 
(A) (+% giving 50°, 
absorption 


oo 
200 


(very 


(very 


(very rich 


\ 


600 


(p.p.™.) 
giving 1°, 
absorption 


0-8 
3 


Notes 
| 
Tl 750 7 0-25 a,j 
Ti 10 10 0-25 A 
Sn 8 3 l A 350 5 
(very rich) 
Pb 4 2 Cc 10 0-5 a,! : 
4 l l c 
10 2 O-5 A 
rich) 
10 2 A 
rich) 1000 
10 2 O-25 A 
(very rich 
10 7 0-25 A 
very rich) | 
Nb 10 6 0-25 re 1 
10 6 0-25 A 
Ole 10 6 25 
17 10 6 0-25 A) : 
96] Sb 6 4 100 1-5 b-g.l 
12 l 2 75 
Bi 2 150 2 a,b,c,i 
Cr 10 4 nil A 10 O15 
4 7 O-5 A 60 0-5 
Mo 6 4 O25 A 40 O-5 
4 4 l | 2 
Ww 20 7 25 4) 1ooo 
7 O25 Al 
Mn 5 2705 l O75 4 
5 l l 10 0-2 
Fe 5 l O75 \ 7 
10 4 0-25 A 75 l 
Co 25 l l A 15 0-2 a,b,h : 
25 3 Os 4 300 4 
25 3 OS A 400 3 
Ni 29 15 0-2 d,i,k 
20 7 3 O-5 C 40 O-5 
Rh 4 P| 3 O-5 A 25 0-3 4 
Pd 6 2 l 55 a,b,1 
Pt 7 l l A 5 a,b,l 
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argon, which is removed by “clean-up” more slowly than helium or neon. However, 
we have found that with zine and nickel tubes a higher signal-to-noise ratio, for ¢ 
given line width, is obtained by the use of helium. Similarly Crosswuirte et al. [21] 
have shown that neon is to be preferred for iron tubes. We have not made a syste- 
matic study to determine the optimum filler gas for each tube. 

In Fig. 2 are shown calibration curves obtained with two zine hollow-cathode 
tubes filled with argon and helium, respectively. 


2. Choice of lamp current 

To obtain the highest sensitivity it is essential that the line whose absorption is 
to be measured should not exhibit either self-reversal or self-absorption. For some 
tubes, such as silver, zinc and cadmium, whose cathodes sputter profusely, this 
condition can be achieved only by using tube currents as low as 2mA. At such low 
currents the discharge is extremely weak, and tends to become unstable, so that it is 
necessary to strike a compromise between high sensitivity and a tolerable noise level. 
One of the advantages of helium as a filler gas is that it permits the use of higher 
currents for the same amount of sputtering. Fig. 2 also shows the effect of hollow- 
cathode current on the calibration curves for zinc. 


3. Type of flame 


It is not generally realized that a versatile atomic absorption spectrophotometer pent 
for measurement of a wide range of metal ions in solution requires provision for at Ris 
least two types of flame. The burner used here is designed to burn either air—coal - 


gas or air—acetylene mixtures, and although for many metals the type of flame has 


FOOTNOTES TO TABLE 1 


* The spectral slit-width quoted is the half-intensity band-width, which is taken from the dispersion 
data supplied with the Beckman DU monochromator. The mechanical width was checked for various 
settings of the slits. 

*+C coal gas—air; A acetvlene—air. 
® Markedly dependent on lamp current. 

Markedly dependent on slit width. 
Markedly de pe ndent on flame type. 
Helium-filled hollow-cathode tube used. 

¢ Mineralite’’ mercury lamp used as source, 

Neon-filled hollow-cathode tube used. 

® The line at 2176 A is slightly more sensitive than that at 2311 A for low concentrations of antimony, 
but the calibration curve flattens out rapidly above about 100 p.p.m. The noise level is much higher 
than for 2311 

» The calibration curve for the line at 2407-3 A flattens out rapidly above about 50 p.p.m., owing to the 
presence of a weak line near 2406-7 A (probably Cu 2406-67 A, arising from the copper cathode containing 
the pe llet of cobalt). 

Che calibration curve for the line at 2320-1 A flattens out rapidly above about 50 p.p.m., owing to 
the presence of a weak line near 2319-8 A (probably Ni 2319-76 A). 

} Osram or Philips spectral lamp as source. 

k Hollow-cathode tube made by Mr. W. G. Jones. 

! Hollow-cathode tube supplied by Ransley Glass Instruments, Melbourne. 

™ Hollow-cathode tube supplied by Mr. D. J. Davin. 

LockYEer and Hames [ 22} found that, for a given concentration of gold, the absorption decreased as 
their Meker-type burner warmed up. This effect does not occur with our burner. 

GipLey and Jones [23] found that halogen acids caused spurious absorption near 2139 A; this 
effect does not occur with our equipment. 


21) H. M. Crosswarre, G. H. Drexe and C. 8. Lecacneur, J. Opt. Soc. Am. 45, 270 (1955). 
22) R. Lockyer and G. E. Hames, Analyst 84, 385 (1959). 
J. A. F. Grpiey and J. T. Jones, Analyst 85, 249 (1960). 
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little effect on the sensitivity there are some for which the appropriate choice of 
flame is essential. Barium, chromium, rhodium, tin and molybdenum all require an 
acetylene flame if satisfactory sensitivity is to be obtained; molybdenum indeed 
shows almost no absorption at all in the coal-gas flame. Furthermore, some 
types of chemical interference are more easily overcome in the air—acetylene 
flame than in the air—coal gas flame [10]. Several metals, on the other hand, show 
appreciably higher absorption in the coal gas than in the acetylene flame, notably 


Absorbance 
% transmission 


Fig. 2. Calibration curves for zinc, using helium-filled and argon-filled hollow-cathode 


tubes run at different currents. 


potassium and bismuth. Choice of the optimum air—gas mixture and height of the 
absorption path above the base of the burner is also essential, especially for 
calcium [7, 10], strontium, barium, gallium, tin, chromium, manganese, molyb- 
denum [9] and rhodium. 

Fig. 3, which shows calibration curves for tin and bismuth, illustrates the impor- 
tance of choosing a suitable flame, while Fig. 4 shows the effect, first reported by 
Davip [9], of varying the acetylene—air mixture and the height of the absorption 
path in the flame when determining molybdenum. 


4. Slit width 


The function of the monochromator is to isolate the resonance line(s) whose 
absorption is to be measured from all other radiation emitted by the light source, and 
the slit width should be as wide as possible consistent with this condition being 
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Fig. 3. Calibration curves for tin 
and bismuth using different 
types of flame. 
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fulfilled. Indeed, in some cases it is advantageous to sacrifice some sensitivity by 
opening the slit and thereby obtaining increased signal/noise ratio. In cases where 
complete isolation of the selected resonance line is not achieved there is a resulting 
loss in sensitivity and the calibration curve becomes markedly curved. A typical 
example is the curve for the nickel line at 2320-1 A shown in Fig. 5. An echelle 
spectrum obtained by our colleague Dr. G. R. Hercus shows that the marked 
curvature in this case is due to the monochromator passing the line at 2319-8 A 


Fig. 5, Calibration curves for nickel 2320 A, showing effect of incomplete separation of 
resonance line. 


which is not a resonance line and therefore does not exhibit any absorption. Similar 
effects are produced by general background in the neighbourhood of the line (see 
ALLAN [18)}). 


5. Choice of absorbing line 

As has recently been pointed out by ALLAN [18], the most sensitive lines in 
absorption do not necessarily coincide with the strongest emission lines. The lines 
listed in Table | include those found to give the highest sensitiy ity for the elements 
concerned and lying in the wavelength range above 2100 A. It is possible that more 
sensitive lines lie below this wavelength. For example it is known that the oscillator 
strength of the mercury line at 1849 A is fifty times greater than that of the 2537 A 
line. 

Table 1 also lists less sensitive lines for many of the elements. These facilitate 
the application of the absorption method to the determination of high concentrations. 
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Table 1 summarizes the capabilities of a single-beam atomic absorption spectro- 
photometer. It should be stressed that this instrument is of simple design and the 
results obtained should not be taken to represent the limits of the absorption method. 
It is obvious that further improvements are to be expected from double-beam 
methods or from other systems for monitoring the light source. Similarly the full 


possibilities of scale expansion and multiple traversals of the flame have yet to be 


explored. However, we are of the opinion that the most spectacular advances in 
technique will come from new and improved methods of sample atomization. 


Acknowledgement—We wish to thank Dr. A. Watsu for his interest and advice throughout the 


course of the work. 
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The application of the Urey-Bradley force field to the in-plane 
vibrations of benzene 


James R. SCHERER and JOHN OvEREND* 
Chemical Physics Research Laboratory, The Dow Chemical Company, Midland, Michigan 


(Received 27 February 1961) 


Abstract——Cavirano and Crawrorp have recently demonstrated that a basic Urey—Bradley 


force field reproduces the INGOLD assignment of the planar 4,,, vibration fundamentals of benzene 


but does not give acceptable agreement with the Mark—HorRNIG assignment. We have proposed a 
model which removes these objections to the Marr-HORNIG assignment, and the normal modes 
for this model are discussed and compared with those obtained for the INGOLD assignment. This 
model gives a slightly better frequency fit for certain vibrational modes and, although the INGOoLD 
assignment cannot be excluded, a slight preference for the Mark HORNIG assignment is indicated. 


Introduction 


LEAST-SQUARES techniques have already demonstrated that Urey—Bradley force 
constants (UBFC’s) of simple organic molecules are moderately transferable. 
However, for many molecules it has been found necessary to supplement the basic 
Urey—Bradley force field (UBFF) with additional terms, although the physical 
origin of some of these supplementary terms is still not clear. For example it was 
necessary to supply quadratic coupling terms between trans-hydrogen-bending 
co-ordinates to allow a reasonable fit to the vibrational frequencies of molecules 
containing the trans H—-C—C—H group [1]: similar terms were found necessary 
for ethane and propane[2]|. Hisarsune and have also commented 
that in molecules where the chemist might express the equilibrium structure as a 
resonance hybrid of two canonical forms, the non-bonded repulsions often take on 
unusual magnitudes. THompson and Linner [4] discussed the resonance phe- 
nomenon in CO, and showed that it leads sensibly to a quadratic interaction force 
constant coupling the stretching co-ordinates of the two CO bonds. This result 
suggests that in cases where resonance is possible it would be meaningful to supple- 
ment the basic UBFF with such additional terms. 

Thus one might not expect the simple basic UBFF to be a satisfactory de- 


scription of the potential function for an aromatic system, for in this case it is well 


recognized that resonance plays an important structural role. The benzene 
problem is of fundamental importance in any discussion of aromatic compounds 
but unfortunately the vibrational assignment of one mode of this molecule remains 
inconclusive. The frequency in question is that of the B,,-ring stretching mode 


*Present address: Department of Chemistry, University of Minnesota, Minneapolis 14, Minnesota. 
1) J. R. Scuerer and J. Overenp, J. Chem. Phys. 38, 1681 (1960). 
2| J. OveREND and J. R. Scuerer, To be published; J. ScHacnTscHNEIDER, Private communication, 
3) I. C. Hisarsune, Private communication; T. Samanovucnut, Private communication. 
(4) H. W. Tuompson and J. W. Lixnet, J. Chem. Soc, 1384 (1937). 
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shown in Fig. l(a), which was originally assigned by INGoup et al. [5] on the basis 
of overtone and combination data, to a frequency of 1648 em~'. Later Marr and 
HorniG [6] observed a sharp weak doublet at 1305 and 1312 cm~ in the infrared 
spectrum of solid benzene which they chose to assign to this mode in the "C, and 
molecules. 

CALIFANO and CRAWFORD [7] have recently discussed the vibrational problem 
of benzene, reviewing the previous literature on force constant calculations. They 
found that the basic UBFF, including non-bonded interactions between meta- 
and para-carbon atoms, gave a satisfactory fit to the INGoLp assignment, and, 
moreover, the UBFC’s obtained by a least-squares analysis were compatable with 
the corresponding force constants in simple aliphatic compounds. In contrast to 
this CaLtirano and Crawrorp found that the Marr—-Hornic assignment could 
not be fitted in a satisfactory way with a basic UBFF and, feeling the need to 
express the concept of resonance in the potential function, they added six quadratic 
cross terms, A», coupling the stretching co-ordinates of adjacent carbon—carbon 
bonds in the ring. Even with this modified potential, the frequency fit was not 
good and the numerical values of the UBFC’s were at marked variance with the 
established values for aliphatic compounds. This led CaLirano and CRawForD to 
conclude that the INcoLp assignment of the benzene vibrational spectrum is 
correct and that the bands at 1312 and 1305 em~! observed by Marr and Hornie 
are due to ternary combinations. 

Briefly, our thesis is that the resonance extension to the basic UBFF used by 
CALIFANO and CRAWFORD is incomplete and must be further extended to describe 
adequately the intuitive chemical concepts of resonance, and that such a force 
field will give an entirely satisfactory fit to the Marr—-HorN1IG assignment. 


The Basic UBFF 
The basic UBFF is detined by the equation 


2> 
6 12 

12 

> PF on ( Agen)? 2 > Men > Fe Ader)? 

2 
6 6 OC" ex 


where the co-ordinates are defined in Fig. 1(a). The dependent co-ordinates were 
removed and the minimum condition of the potential energy satisfied. The G- 
and F-matrices were constructed numerically [8] by POCO IIL [9] and the G-matrix 
C. R. C. K. Incoip, H. G. Poore and C. L. J. Chem. Soc. 222 (1946). 
R. D. Marr and D. F. Horwic, J. Chem. Phys 17, 236 (1949) 
Catrrano and B. L. Crawrorp, Jr.. S pectroc him.Acta 16, SSO (L060), 

J 

J 


OVEREND and J. R. Scuerer, J. Chem. Phys. 32, 1289 (1960). 
R. Scuerer and J. Overenn, J. Chem. Phys. 32, 1720 (1960). 
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The application of the Urey—Bradley force field to the in-plane vibrations of benzene 


was symmetrized with a transformation, U’, which simultaneously removed the 
six local redundancies in the angular co-ordinates and the single cyclic redundancy 
in the E£,,-block. CaLirano and Crawrorp scaled the CH bending co-ordinate, 
Aa, with the r,,, bond length and the CC bending co-ordinate, Aze,, with the 
ree bond length. In doing so their cyclic redundancy was removed by an orthogonal 
transformation but their local redundancies were removed by a non-orthogonal 
transformation. Since our bending co-ordinates are unscaled we have removed 
the local redundancies by a symmetrized orthogonal transformation and the cyclic 


Re R, 
Rs Re 


Ra Y Ra 


(b) 


Fig. 1. Repulsive and bending co-ordinates and numbering 
of the bonds, F,, for the modified UBFF. 


redundancy by a non-orthogonal transformation. Our L’-matrix is the product of 
these transformations and consequently was obtained by = FU. 
A detailed description of the internal and symmetry co-ordinates will not be given 
here since it would contribute little to the ensuing discussion. As in previous cases 
we have assumed that F” F/10. The geometry we have adopted is that 
determined by Srorcnerr [10]: 1-397 A, roy 1-084 A. 

We were particularly intrigued by the apparent failure of the UBFF to account 
reasonably for the Mark-Hornie assignment even with the inclusion of the 
additional interaction constant and we questioned whether the right model had 
heen used for the resonance interaction. As a first step in this inquiry, we repeated 
CALIFANO and CrRawrorp’s work on the INGoLp assignment of C,H,, C.D, and 
sym-C,H,D, and happily arrived at the same conclusions. The results of these 
calculations are given in Tables 1 and 2. In these and following tables 7, is the 
best estimate of the frequency v,, and ¢, is the difference (y,,,. y.). The best 
estimates of the UBFC’s are represented by ¢, and the dispersion of this quantity 
is denoted o{d,}. Calculated frequencies for molecules which were not used in the 
refinement are designated y,,. and the difference (vy. — 7.) is Av. We note 
that the disagreement between the two sets of force constants in Table 2 is well 
within the tolerances indicated by our calculated dispersions and is presumed to 


be due to differences in assumed geometry. 


The modified UBFF 


CALIFANO—CRAWFORD model 
As we stated in the preceeding, these authors, finding the basic UBFF un 
satisfactory in fitting the Marr-Hornié assignment, introduced cross terms 


(10) B. P. Srorcuerr, Can. J. Phys. 32, 339 (1954). 
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The application of the Urey—Bradley force field to the in-plane vibrations of benzene 


between adjacent C—C bonds to account for the presumed resonance interaction. 
Their modified potential function may be written 


2V = + 2K, > AR,AR,,, (2) 


where the stretching co-ordinates are shown in Fig. I(b). Their results show that 
the inclusion of the additional parameter significantly improves the fit to the 
Mairk—-HorniG assignment but the F,, and Cy, repulsive constants became 


Table 2. Comparison of UBFC’s consistent with Table | 
(The units are in mdyn/A except for bending constants which are in 10~-™ erg/rad?.) 


Keo Hoe Hey Fou F oo 


CALIFANO-CRAWFORD ‘723 5-585 0-715* 0O-311° 0-376 0-501 0-028 
@, This work ‘T5i 5-592 0-693 0-332 0-352 0-540 0-050 
o\¢,} This work ‘O7: 0-078 0-063 0-036 0-067 0-10 0-043 


* CALIFANO and CrRawrorp do not report numerical values for these force constants defined as in 
equation (1). They do, however, indicate the transformation necessary to convert their force constants to 
scaled Urey—Bradley bending constants. The expressions used to convert them to unscaled constants as 
in equation (1) are: Hy ruc*H 2/2 and Hee — 2). We have presumed that the 


Hz UBFC in Table 6 of their paper is, in fact, H. 


~0-722 and +0-200 mdyn/A, respectively, signifying that meta carbon atoms 
are attractive whereas para carbon atoms are repulsive. This result, for physically 
obvious reasons, has encouraged us to try another model.* 


Kekulé model 

Consider a benzene ring in which the carbon-carbon bond R, is displaced in 
the positive sense, i.e. extended, and the other internal co-ordinates retain their 
equilibrium values. This distortion will tend to localize the z-electrons of the 
aromatic nucleus in that Kekulé form which has single bonds corresponding to 
R,, R, and R, and double bonds corresponding to R,, R, and R,. Remembering 
that the other co-ordinates are still fixed at their equilibrium values, we see that 
the increased double-bond character of R, implies that the increase in potential 
energy when we extend R, now will be greater than if #, were at its equilibrium 
value. We can represent this by including a quadratic interaction constant pj», 
i.e. 2V/8R, OR,. Because of increased double-bond character of R, we also have 
an equivalent term p,,. So far this model is identical with the CaLIFANO—CRAW- 
FORD one. However, similar considerations indicate that as R, is extended the 
change in potential energy will also be somewhat higher and we should therefore 
include cross terms like p,,. The increased single-bond character of R, and R,; can 
also be expressed by quadratic cross terms p,, and p,, but with signs opposite to 
those of py, and 

+ A possible model for the force field of benzene has been suggested by Dr. T. ALFrey [12] who argued 
that the net contribution of the z-electrons to the total energy of the distorted molecule would depend on 


the change in the perimeter of the ring. To a first approximation this can be represented by a Hooke’s law 
spring around the perimeter with a force constant K,: The terms added to the basic UBFF are then 


2 
KASA R,) . However, the UBFC’s calculated from this model are just as disappointing as those obtained 
from the CALIFANO—-CRAWFORD one. 


T. Atrrey. Private communication. 
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We finally obtain a complete expression for the potential function of a six- 
membered aromatic ring:* 


2V = + ARAR,,, + ARAR,,, — ARAR, 0] (3) 


where we have called p the Kekulé constant.* We have supplemented the 
UBFF Z-matrix with the last part of (3) and simultaneously fitted all the force 
constants to the Marr—Hornieé assignments of the H,, D, and sym-D, molecules; 
the results are shown in Tables 3 and 4. 


Discussion 

From a comparison of the values in Table 3 we readily see that the Kekulé 
model gives a much better over-all fit to the observed frequencies than does the 
CALIFANO-CRAWFORD “adjacent interaction’ model. Moreover the resulting 
UBFC’s for the Kekulé model (Table 4) are reasonable, and, with the exception 
of the Kekulé constant, are similar to those obtained with the INGOLD assignment. 

Having demonstrated that it is possible to obtain good UBFC’s with the 
Marr—Hornicé assignment, the objection raised by CaLirano and CRAWFORD is 
removed. However, the problem of determining the validity of either assignment 
still remains. 

We should like now to discuss in detail the nature of the disputed ring stretching 
vibration to make clear the consequences of both models. In Table 5 we have 
collected together the potential energy distributions (PED’s) for the B,,, vibrations 
of C,H, and C,D, and the A’, vibrations of sym-C,H,D,. We first note that with 
the basic UBFF the ring-stretching mode (~1600 cm~!) is a reasonably pure 
vibration in all three molecules and likewise the next lowest CH bending mode. 
However, the Kekulé model shows an entirely different picture. The proximity 
of the ring stretching mode (1309 cm~') with the CH deformation (1146 em~') in 
CH, gives rise toa considerable degree of mixing between these co-ordinates whereas 
in C,D,, the CD deformation is at a lower frequency and the coupling is consider- 
ably reduced. A graphical representation of this degree of coupling may be obtained 
from Fig. 2 where we reproduce the Cartesian displacements for the B,,,-vibrations 
of C,H,, both for the basic UBFF and the Kekulé model. Again the difference 
implied by both models is readily seen. Although the coupled modes are different, 
the same type of mixing is prevalent in sym-C,H,D,. From Table 5 we see that 
it is the 1250 em~! mode of this molecule which, from a PED point of view, is most 
like the 1309 em~! vibration of C,H,. The 1250 em-' mode of this molecule has, 
' mode. The 
Cartesian displacements for the sym-D, molecule are shown in Fig. 3 and from 
these it is apparent that the 1250 em~! and 1330 em~ vibrations of the Kekulé 
model exhibit a resonance coupling between the B,,-like ring stretch and the 


in fact, three times the resonance contribution of the 1330 em 


* This should be applicable to pyridine, pyrazole and triazine as well as benzene. 

* Symmetry arguments dictate that p,, Pos Psa---> Pis Pos Pas--- and py, Pas Pae-- 
Thus there are three distinct force constants, p :p and p,,, 5. In equation (3) we have assumed that 
these are equal although this might not be justifiable. The physical implication of this assumption is that 
on stretching #, the induced double-bond character in &, is the same as that induced in R&, and energetic- 
ally equivalent to the increase in single-bond character of R,. However, since this resonance interaction 
constant is to be determined from a single vibrational frequency (B,,) it is not possible to determine these 
resonance parameters separately. 
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A,,-like CH deformation. With a basic UBFF these are reasonably pure vibrations 
and are shown in the second half of Fig. 3. 

If, then, the Marr—-Horwnic assignment for benzene is the correct one, the 
frequency of the B,,-ring stretch is not only lower but it can be in such strong 
interaction with the nearest CH deformations that the characters of the vibrations 


are reversed. In the H,, D, and sym-D, molecules these vibrations are forbidden: 


however, in the less symmetrical molecules they are allowed. 


Table 4. Modified UBFF 
(1, Kekulé model; II, and CrRawrFrorp.) 


Koy How | Pox p F, 


q 4-790 5-149 0-663 0-356 0-322 0-587 0-054 0-351 
a\g,' 0-036 O-O75 0-048 0-018 0-031 0-077 0-034 0-019 
Il ¢ 4-644 5-972 1-523* 0-453* 0-443 0-722 0-100 1-117 


* See footnote to Table 2. 


Table 5 ii E distributions for By, and A, 


(I, Kekulé model; Il, basic UBFF.) 


Pome kK, H K H, H H 


vibrations of C,H,, C.D, and sym-C,H.D. 


1309 
1146 1163 17 49 34 34 l 17 

alla 1618 1601 17 91 6 3 l 

1146 1192 


1274 
S24 S47 
1507 


s 45 


1330 


1253 1250 3 20 Is 33 
| 912 928 16 6 63 34 ) 
| 9? i 
: 1253 1292 39 4 35 
O26 


We have calculated the vibrational frequencies, PED’s and Cartesian dis- 


placements for the remaining ten isotopes of benzene with both the basic UBFF 
and the Kekulé model. With the exception of the V,-molecules C.H,D, and 
C,.D,H, the basic UBFF shows mixing between the two C—C stretching vibrations 
which are of the same symmetry and are both near 1600 em-. Whereas these 
interactions in the basic UBFF do not include the ¢ H deformations, in the Kekulé 
model the CH deformations may interact strongly with the disputed C—C stretch 


and hence we might expect to observe at least one, if not both, of the interacting 


fundamentals 


In Table 6 we have listed the calculated frequencies and PED’s 


for vibrations of the remaining ten deutero-isotopes which have both large contri- 


butions from the Kekulé constant and appreciable mixing between the C—C 
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The application of the Urey-Bradley force field to the in-plane vibrations of benzene 


Kekule model 


Fig. 2. Cartesian displace- 
ments of C,H, in A per 
(change in normal co- 
ordinate) 5. 


em’ 1163 cm' 


Voos 1309 cm" Vers 1146 cm" 
Basic UBFF 
\ 
Nate 1332 cm 
Vos ? 


160! cm" 1192 cm' 
Voos 1618 1146 cm' 


Kekulé model 


1330 cm' 1250 cm" 928 cm' 
Veo, 1322 cm' Voos 1253 Voos 912 cm 


Fig. 3. Cartesian displace- 
ments of sym-C,H,D, inA per 
(change in normal 


Basic UBFF co-ordinate) x 5. 


cm" Vi 1292 cm" Ye 926 cm' 
Voos (1615 Voos 1253 Voos 912 cm' 
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stretch and the CH deformation. Of these, only the 1:2:4:5-tetradeutero and 
|:2:3:4:5-pentadeutero benzenes are relatively pure C—C stretching motions and 
the form of the vibration is essentially that shown for the 1601 em~! mode in 
Fig. 2. From Table 6 we see that the vibrations listed interact to varying degrees; 
however mono- and 1:3-dideutero benzene show such strong mixing that the 


Table 6. Selected calculated frequencies and PED’s for the remaining ten deutero isotopes of benzene 
(I, Kekulé model; II, basic UBFF.) 


D position Symmetry , ‘ 
} Veale Ar Keu Ke. Hee Hen 
on ring species 


1339 14 64 
1294 7 31 
1163 40 39 
1322 q 


1182 


1285 
1116 
1129 
1332 

272 
1162 
1304 
1170 


1296 
1163 
1180 


1295 
1226 
1229 
1157 
1289 
1269 


1268 


1281 


1206 
1206 


4:5 1289 


* Frequencies listed are observed by BropERsON and LANGSETH. 


1291 C,H.D and 1277 m-C,H,D, modes are the ones which have 


largest contributions from A,,. and p. This is again indicated by the Cartesian 
displacements shown in Figs. 4 and 5. 

Having now discussed the nature of the vibrations implied by both models, we 
are in a position to re-examine the frequency fit in these molecules. Firstly, we 
note from the basic UBFF results shown in Table | that the A,,-mode in C,H, 
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25 —4 
I; 1291 l —29 
| I B, | 1159 33 12 
23 5 2 58 36 
I; 1291 6 118 17 4 1 38 
By, 1104 12 37 36 30 2 6 
1104 25 19 47 31 2 
28 60 21 
1 1277 5 88 27 29 
1:3 B, | 1167 5 28 45 33 ti 
mf 1277 27 3 63 34 ws 
1167 3 55 36 
I j 103 27 5 l 34 
1:3 A, ; 1158 5 37 40 33 10 
II 1158 22 6 58 36 ume 
100 28 6 l 33 
I 34 ! 44 25 2 -5 
1:2:3 B, | 1140 10 29 l 43 32 1 6 
nf 16 52 30 
1140 17 14 52 33 
1 | 1294 5 82 31 12 —25 
1:2:4 A’ | 1262 7 50 42 22 14 
1262 6 9 57 32 
1 | 122 15 5 l —41 
1:2:3:4 A | 1135 1135 0 28 42 31 
«(11351142 7 16 48 33 
1286 105 21 7 33 
1:2:3:5 B, 1222 | 41 10 
I 1229 23 15 52 30 2 gos 
1:2:4:5 B,, I 1277 128 1 5 1 43 
1:2:3: 1277 12 127 12 5 ~—43 


The application of the Urey—Bradley force field to the in-plane vibrations of benzene 


Kekule model 
D D 


A 


__] 


1339 1294 em! Veoie 1163 cm" 
Voos ? Voos cm" 1159 
Basic UBFF 
/ 
/ 
| \ \ 
4 
1322 cri’ Veoie 1182 ¥ emi 
Veo, 1291 Veo, 1159 
96] Fig. 4. Cartesian displacements of mono deutero benzene in A per (change in normal 
co-ordinate) 5, 


Kekulé model 


Yore 1272 cri’ Veoic 1162 
Voos 1277 Vors 1167 cri‘ 


Basic UBFF 


5D 


\ 


Vesie 1304 eni* Veoie 
Voos 1277 cm' Voos cmi' 


Fig. 5. Cartesian displacements of 1;3-dideutero benzene in A per (change in normal 


co-ordinate) 5. 
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and (,D, is fitted to within ~10 em~!; secondly, that in the corresponding modes 
(see Figs. 3. 4 and 5) in 1:3:5-trideutero benzene (at 1259 cm~'), monodeutero 
benzene (at 1291 em~') and 1:3-dideutero benzene (at 1277 em~'), the discrepancy 
between observed and calculated frequencies is at least 27 cm~'; and thirdly, in 


each of these three cases the calculated value is always higher than the observed 
value. But we have already seen that on the basis of the Kekulé model, it is 
precisely these modes which are most like the B,,-ring stretch in question. From 
this inability of the basic UBFF to account consistently for the A,,-like CH 
deformations in the intermediate molecules, we might conclude that the UBFF 
modified with the Kekulé resonance constant is more desirable. While this 
evidence could not be considered conclusive it does give support to the Marr 
HoRNIG assignment. Grammatici certant et adhuc sub iudice lis est. [13] 
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Polarized infra-red studies on polyvinyl chloride 
films—Effects of drawing 
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Abstract Polarized infra-red spectra were measured for the films of polyvinyl chloride with 
various degrees of syndiotacticity, and effects of drawing on dichroism and band shapes were 
studied. The inversion of dichroism with drawing was found for some bands and it was inter- 
preted in terms of the change of orientation of the crystalline regions of the film. Assignments of 
bands based on the information obtained from these experiments are also given. 


Introduction 

PoLARizED infrared spectra of polyviny! chloride (PVC) have been reported by 
several investigators [1-7]. The data obtained were very useful in the detailed 
analysis of the spectrum [3, 8, 9] and most bands have been assigned reasonably to 
the vibrations of the extended syndiotactic structure. However, for the sample 
polymerized at a low temperature and extended by about four times, the crystalline 
CCI stretching band at 603 cm~' showed parallel dichroism contrary to the group 
theoretical expectation. Recently we observed that for a highly syndiotactic sample 
the dichroism of this band is reversed in the course of drawing the film [10]. When 
the film is drawn to a great extent this band shows perpendicular dichroism. A 
similar inversion of dichroism has been found for some of the other bands in the 
spectrum of PVC. These findings are indicated partly in the work of Asanina and 
Enomoto, although the interpretation is not given [7]. In this paper we wish to 
report in detail how the drawing of various films influences dichroism and shapes of 
all the bands in the region of from 600 to 3000 cm~'. The orientation of the crystalline 
and amorphous regions in the polymer film and band assignments will be discussed on 
the basis of the information obtained from these experiments. 


Experimental 
(a) Samples 
Films prepared from the three samples polymerized at different temperatures 
were used throughout this study. The differences in properties of these three polymer 
samples, A, B and C, are shown in Table 1. The A sample, which has very high 


| A. Ex.iot, E. J. AMprose and R. B. Tempce, J. Chem. Phys. 16, 877 (1948). 
| E. J. Amprose, A. Evuiorr and R. B. Tempe, Proc. Roy. Soc. London A 199, 183 (1949). 
. Keim and C. Y. Liane, J. Polymer Sci. 22, 95 (1956) 
. Suimanovcni, S. Tsucutya and 8. Mizusuima, J. Chem. Phys. 30, 1365 (1959). 
. 8. Tsucurya and 8S. Mizusnima, Kobunshi 8, 202 (1959). 
Narita, S. Icntwone and 8. Enomoro, J. Polymer Sci. 37, 273, 281 (1959). 
ASAHINA and 8S. Enomoro, Nippon Kagaku Zasshi 81, 1OL1, 1370, 1374 (1960). 
SHimanovucni and M, Tasumi, Bull. Chem. Soc. Japan, 34, 359 (1961). 
. Krimo, Fortschr Hoch polyme ren-Forach. (Advances in Polymer Sci ) 2, 51 (1960). 
. SHimanovucuti and M. Tasumi, J. Chem. Phys. 34, 687 (1961). 
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syndiotacticity, proved to be of greatest interest. Films of this sample prepared from 
a cyclohexanone solution were extended to draw ratios* of 2, 2-5, 5 and 7 in an air 
bath kept at about 180°C, and for these four films the polarized infrared spectra were 
measured. Films prepared from the B and C samples were drawn in a glycerine bath 
kept at about 110°C. In these cases measurements were made only for the films 
drawn about twice or to a great extent. 


(b) Polarized infra-red measurements 
Infra-red spectra were recorded mainly by a Perkin-Elmer model 112 G single- 


beam grating spectrometer equipped with a KBr fore-prism (Figs. 1-3, 7-15, 19-21) 


Table 1. Properties of the polymer samples 


Polymerization 


Sample temperature Solvent Syndiotacticity 
Cc polymerization 
{ ) 


2000 cyclohexanone high 


eyclohexanone intermediate 


cyclohexanone low 


and partly by a Perkin-Elmer model 21 double-beam spectrometer equipped with a 
rock-salt prism (Figs. 4-6, 16-18).+ When necessary, results obtained by the above 
two spectrometers were checked in the rock-salt region by a Hitachi EPI-2 double- 
beam spectrometer and in the KBr region by the Perkin-Elmer model 21 spectrom- 
eter equipped with a CsBr prism and a double-beam grating spectrometer with a 
CsBr fore-prism constructed co-operatively by Nihon Bunko Kogyo Co. Ltd. and our 
laboratory [11]. For the measurements by the Perkin-Elmer model 112 G spectrom- 
eter the six-plate AgC] polarizer described by YamMacucni et al. [12] was used, and 
for the measurements by the other double-beam instruments commercial AgC! 
polarizers were used. The plane of polarization was set at 45° to the spectrom- 
eter slit in order to eliminate the influence of the polarization by the spectrometer. 
Orientation was changed by rotating the sample. 


Results 


The 600-700 em~! region (Figs. 1-3) 


It is well known that the 638 and 603 em~! bands arise from the crystalline 
regions and the 690 and 615 cm~' bands from the amorphous regions. For the highly 
syndiotactic, therefore highly crystalline, sample the former two bands are strong 
and the latter two are weak, and for the sample of low syndiotacticity the situation is 
reversed. Comparison of Figs. 1, 2 and 3 indicate that the sample polymerized at a 
low temperature has higher syndiotacticity. The most noticeable feature in this 


* Draw ratio length of the drawn film/length of the undrawn film. 

+ Figs. 1—21 are infra-red spectra of the samples A. B and C. The solid line represents the electric 
vector perpendicular to the draw-direction, and the dashed line parallel to the draw direction. Draw 
ratios: A sample a):2, (b):2-5, (c):5, (d):7; B sample—(a):2, (b):8; C sample—(a):2, (b): 10. 

11) T. Stimanovent, M. Tsupor, Y. Kyocoxv, T. Mryazaxt and S. Hrracaxi, Symposium on 
Infrared and Raman Spectroscopy Osaka), 1960. Abstracts. p 7. 
12) A. Yamacucni, I. Icnisuima and 8. Mizusuima, Spectrochim. Acta 12, 294 (1958). 
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Fig. 1. Sample A, 


region is the inversion of the 603 cm~! band dichroism with increase in draw ratio. 


This band exhibits parallel dichroism when the film is drawn about twice and per- 
pendicular dichroism when drawn five times or more. The dichroic ratio D,/D,, 
where D is the optical density, has a maximum value at the draw ratio of about 2-5 
(Fig. 1b). This inversion of dichroism is found definitely for the A and B samples, 
but for the C, in the spectrum of which the 603 cm~! band appears only weakly, it is 
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not as obvious (Fig. 3a). This band has slightly different peak positions for parallel 
and perpendicuiar absorptions. In the spectrum of the A sample (Fig. 1) the parallel 
absorption maximum is found at 602-603 em~', while the perpendicular absorption 
maximum is at 604-605 em~! (the spectral slit width was within 0-8 em~! in this 
region). This difference is quite small but always appreciable. In the spectra of the 


Transmission, 


cm 


Fig. 2. Sample B. 


B and C samples (Figs. 2, 3) the perpendicular absorption in this frequency region 


becomes broad and the peak moves to higher frequencies. This difference of parallel 


and perpendicular absorption maxima is not observed for the 638 em~! band. 
However, it can be seen greatly for the 690 cm~' band as pointed out briefly in the 
former studies [5, 7]. Though not great for the drawing of small extent, especially 
for the A sample (Figs. la, 1b), it increases with draw ratio and finally reaches the 
separation of about 10 cm~' (the parallel absorption maximum is at 690 em~' and 
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the perpendicular absorption maximum at 680 cm~!) for all the samples (Figs. 1d, 2b, 


3b). The interpretation of these findings will be discussed later. 


The region near 830 cm~! (Figs. 4—6) 
The 833 em~! band shows practically no dichroism at small draw ratios and turns 
into a definitely parallel band at large draw ratios. 
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Fig. 3. Sample Cc. 


The region near 960 cm~! (Figs. 7-9) 

The inversion of dichroism found for the 603 cm~! band is also observed for the 
band at 957cem~!'. These bands have many aspects in common: (1) the dichroic 
ratio of both the bands has the maximum value at the draw ratio of 2-5 for the A 
sample, (2) the inversion of dichroism is seen definitely for the A and B samples but 


only ambiguously for the C, and (3) the positions of the parallel and perpendicular 
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Fig. 4. Sample A. Fig. 5. Sample B. Fig. 6. Sample C, 


absorption peaks are different. The perpendicular absorption spectrum of small 
draw ratios consists of two bands at 958 and about 970 em~! (Figs. 7b, 8a, 9a), and at 
large draw ratios these are replaced by a broad band, the centre of which is at about 
960 em~' for the A sample and at about 965 em~! for the B and C (Figs. 7d, 8b, 9b). 
The 970 cm~! band appears as a shoulder of the 958 em~! band for the A sample, but 
it becomes stronger for the B and C. It is by no means a shoulder band for the C 
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Fig. 7. Sample A, 


sample. These results indicate that this band has a common origin with the 615 em~ 
band, whereas the 957 em~! band corresponds to the 603 em~! band. 


Special attention was not paid to the very weak band at about 926 cm~! reported 
in the former studies [6, 9]; there is almost no absorption in this region for the A 
sample. 
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The region near 1100 em~! (Figs. 10-12) 

The perpendicular band at 1095 em~! and the parallel band at 1125 em~! have 
been reported in many papers. In the present study it is found that for the A sample 
the former band splits into two components at 1102 and ca. 1092 em~! (Fig. 10). 
This doublet changes into a broad band, the centre of which is at about 1099 em~!, 


° 
E 
c 


Fig. 8. Sample B. 


when the film is drawn largely. This doublet structure is ambiguous for the B and C 
samples (Figs. 11, 12). 


The 1150-1300 em~! region (Figs. 13-15) 

The three samples exhibited some differences. The parallel band at 1229 cm ~! 
appears very definitely for the A sample but does not for the B and C. On the other 
hand, the perpendicular shoulder band at 1243 cm~' is almost missing in the spectrum 
of the A sample, while it apparently exists in that of the C sample. As a result of the 
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existence of the 1243 em~! band, the 1255 em~'! band of the B and C samples has seem- 
ingly larger band width. For the A sample the weak band at about 1200 cm~ seems 
to have slightly reduced intensity compared with the other samples. The behaviour 
of the 1254 em~' band resembles those of the 603 and 957 em~! bands. The inversion 


Transmission, 


mal 


Fig. 9. Sample C. 
of dichroism and the difference of the parallel and perpendicular absorption maxima 
are again noted. The parallel absorption has its peak at 1254 cm~'! and the per- 
pendicular absorption at 1255 em~! (the spectral slit width in this region was about 


1 em~'). This separation of bands is quite small but is reproducible. 


The 1300-1450 em~! region (Figs. 16-18) 


The bands at 1434, 1426 and 1333 cm~! are always perpendicularly polarized, 
while the band at 1379 cm~' has parallel polarization. For the 1354 cm~! band the 
inversion of dichroism occurs. 
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The 2800-3000 em~'! region (Figs. 19-21) 


Five bands are observed in this region. The dichroic ratio of the four bands at 
2816, 2850, 2910 and 2970 cm~' decreases monotonously with draw ratio, but the 
weak shoulder band at about 2935 cm~' behaves less definitely. 


Fig. 11. Sample B. 


Discussion 
The inversion of dichroism 
Infra-red dichroism is related to the direction of the transition moment for a 
given vibrational mode and is widely used in the study of the orientation of the 
crystalline and the amorphous regions in films and fibres of various polymers. In the 
studies carried out for other polymers, experiments similar to the present one can be 
found. QuyNN and STeece observed the change in dichroism of nylon 6-6 and 
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polyethylene terephthalate filaments on drawing to draw ratios up to six [13], and 
their results for nylon 6-6 were not in exact agreement with those of Carott and 
Dusenpery [14]. Howmes ef al. [15] and AcGarwat et al. [16], from the dichroism 
measurements on the methylene rocking modes in extruded polyethylene films, have 


cm 


Fig. 12. Sample C. 


concluded that in those films the a-axes of the crystallites are preferentially oriented 
parallel to the machine direction (the c-axis coincides with the direction of the 
molecular chains). On the other hand, KeLLer and SANDEMAN [17] proposed the 
so-called ‘‘row orientation’, conducting the same experiments on drawn polyethylene 


t. G. QuyNw and R. STeeie, Nature 173, 1240 (1954). 
}. Caroti and J. H. Dusensery, J. Polymer Sci. 22, 399 (1956). 
.R. Hoimes, R. G. R. P. Patmer and C. W. Bunn, Nature 171, 1104 (1953). 
S. L. Accarwat, G. P. Trciey and O. J. Sweetine, J. Appl. Polymer Sci. 1, 91 (1959). 
7) A. Kevier and |. SANDEMAN, J. Polymer Sci. 15, 133 (1955). 
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Sample A. 


films. The problem does not appear to be quite settled and needs further elucidation. 
In any case, it is almost certain that under suitable conditions the unusual orientation 
of crystallites occurs in polymer films and fibres, in which the direction of the molecu- 


lar chain does not coincide with the draw-direction. 
The assumption of the a-axis orientation is much simpler than that of the row 
orientation. A similar assumption can provide a satisfactory explanation for the 


present results. 
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In the first place let us examine the vibrational selection rule for an isolated 
infinite chain of the extended syndiotactic PVC. The unit cell of this chain, shown 
22, has the following symmetry elements: £, C,(x), o,(xy) and o,(xz). These 

form a group isomorphous with the point group C,,. In Table 2 the symmetry 
species, characters, number of normal modes (”,) and selection rules are given. The 


Fig. 14. Sample B. 


directions of the transition moments of the A,, B, and B, modes coincide with x-, y- 
and z-axes, respectively. The analysis based on the crystal structure proposed by 
Natta and CorRRADINI [18] was also done by Krim™ [9]. However, it introduces no 
essential modifications of the single-chain analysis—the infra-red active three species 
in the single-chain analysis 4,, B, and B, are replaced, respectively, by B,,,, B,, and 
B,,, in the crystal analysis according to Krimm’s notation. In this paper the single- 
chain treatment is adopted because: (1) It is convenient when reference is made to 


18} G. Natta and P. Corrapint, J. Polymer Sci. 20, 251 (1956). 
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the results of the normal co-ordinate treatment which has been done for the single 
chain [8]. (2) The existence of a crystal structure other than that of Narra and 
CORRADINI is recently reported by Asanina and Oxupa on the basis of the X-ray 
diffraction investigation of highly crystalline PVC samples [19], and therefore the 
analysis in terms of the crystal structure is not decisive at present. 
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Fig. 15. Sample C, 


Next we classify the observed bands into three types. To the first type belong the 
bands which show perpendicular dichroism at all draw ratios, to the second those to 
which the inversion of dichroism occurs, and to the third those which show parallel 
dichroism at large draw ratios. The dichroic behaviour with drawing is tabulated for 
all the bands in the second column of Table 3. 

If we accept the assumption that at large draw ratios molecular chains are 
oriented parallel to the draw-direction, it follows from the above considerations that 


(19) M. Asanrna and K. Oxupa, Kobunshi Kagaku 17, 607 (1960). 
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cm 


Fig. 16. Sample A Fig. 17 Sample B. 


the vibrational modes which belong to the B, species must exhibit parallel dichroism 
with respect to the draw-direction, while the A, and B, modes should give per- 


pendicular dichroism. This assumption is supported by the observation made by 
AGGARWAL et al. for polyethylene [16]. From this assumption the bands of the third 
type are assigned to the B, species. The definite assignment of the first and second 
type bands to the A, and B, species is not possible at this stage. However, the results 
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of the normal vibration calculation indicate that not only the calculated B, fre- 
quencies have good correspondence with the third type bands, but also the cal- 
culated A, and B, frequencies give values close to the first and second type bands, 
respectively (these calculated frequencies are given in Table 3). This correspondence 
is of considerable significance when it is combined with the dichroic behaviour of the 


ion 


Fig. 18. Sample C. 


three types. The fact that the dichroism of the second type bands (which is now 
associated with the B, species) changes from parallel to perpendicular, having the 
maximum dichroic ratio at draw ratio 2-5, suggests that the orientation of molecular 
chains changes greatly in going from draw ratio two to higher numbers. At small 
draw ratios the y-axis of the molecular chain,* indicated in Fig. 22, is distributed 


nearly parallel to the draw-direction, and consequently the B, modes alone exhibit 


* It coincides with the a-axis of the crystal structure by Narra and Corrapint [18]. 
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parallel dichroism.* Such orientation is conceivable if the crystallite has its long 
dimension along the direction of the y-axis. It is in agreement with the view of 
Narra and Corrapryi that there exist laterally ordered domains (about 50 A wide) 
with a rather poor order along the length of the chains [18]. In the drawing operation 
such crystallites are at first aligned with the long dimensions parallel to the draw- 
direction. When the film is drawn drastically this preferred alignment of crystallites 


* In the spectra of small draw ratios some of the third type bands show slightly parallel dichroism. 
Therefore such orientation is not complete, 
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is destroyed and molecular chains become oriented parallel to the draw-direction. 
The dichroic behaviour of the three types reflects these steps reasonably, and the 
bands of the first, second and third types can be assigned to the A,, B, and B, 
species, respectively. 

The above discussion has been primarily related to the orientation of the crystalline 
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Fig. 20. Sample B 


regions and the absorption bands arising therefrom. Let us now turn to the be- 


haviour of the amorphous bands at 615, 970 and 1243cm~'. These bands show 


definitely perpendicular dichroism and have very weak parallel components even at 
small draw ratios. Such phenomena are consistent with a rapid orientation of 
molecular chains in the amorphous regions along the draw-direction. In the C 
sample the amorphous part is more abundant than in A or B and the behaviour of 
this part masks that of the crystalline part. Accordingly, the inversion of dichroism 
is not observed definitely. 
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Table 2. Svmmetry species, number of normal modes and 


selection rules for the extended syndiotactic polyvinylchloride 


The small difference of the parallel and perpendicular absorption maxima 

Very small differences of the parallel and perpendicular absorption maxima are 
found for the bands at 603, 957, 1254 and 690 em-!. These differences were observed 
cannot be 


by each of the spectrometers used in the present measurements. It 
explained by the overlap of side bands. Therefore it is reasonable to attribute these 
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differences to some internal structure change. The 690 cm~! band arises from the 
atactic structure or short isotactic chain configuration in the amorphous regions 
|4, 5, 20] and this band is treated separately. The other three bands should be 
assigned to the extended syndiotactic structure in the crystalline regions. The 


difference of the peak positions for parallel and perpendicular absorptions cannot be 


understood if by the drawing operation the crystallites change their orientation 
relative to the draw-direction with their forms and internal structure remaining 


2 (x) 


Fig. 22. Unit cell and symmetry elements for an isolated chain of the extended syndio- 
tactic polyvinyl chloride. 


unchanged. Some changes in crystallites must follow the drawing operation. A 
possible procedure might be as follows: At small draw ratios crystallites are aligned 
with the long dimensions parallel to the draw-direction (molecular chains in crys- 
tallites are nearly perpendicular to this direction), and with the increase of draw 
ratio the packing of chains in crystallites becomes loose and chains begin to be 
oriented parallel to the draw-direction. After this process recrystallization of chains 
may occur, but crystallites formed differ a little from the original ones. The small 
differences of parallel and perpendicular absorption peaks possibly represent the 
difference* between the original crystallites and the recrystallized ones. 

Other experimental evidence for the existence of a peculiar type of orientation at 
draw ratio of about 2-5 is provided by the measurements of density and tensile 
strength for the sample polymerized at a low temperature [21]. Density decreases 
with drawing and it reaches the minimum value at draw-ratio of about two, and at 
higher ratios it increases rapidly. The entropy and energy components of tensile 
strength show the increasing tendency at first, have the maximum value at draw 
ratio two, and decrease after passing this ratio. These results indicate that the 
peculiar orientation at small draw ratios is not thermodynamically stable. The 
X-ray diffraction investigation for a series of samples has also been undertaken 

* It includes both the small difference of the packing in crystallites and that of the chain configuration. 


20) T. Sumanovcui and M. Tasumi, Spectrochim. Acta 17, 755 (1961). 
21) M, Asanina and A. Anno, Sen-i Gakkaishi 16, 818 (1960). 
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Table 3. Infra-red spectrum of polyvinyl! chloride 
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CH str. A,, (B,) 


CH, antisym. str. B,, (By) 


CH, sym. str. A, 


CH, bend. of amorphous phase 
CH, bend. A, 
CH, wag. B, 
CH, wag. B, 


CH, twist. A, 
CH bend. A, 


CH bend. B, 
CH bend. of amorphous phase 


CH bend. B, 


CC str. B, 

CC str. A, 

(CC str. of amorphous phase) 
CH, rock. of amorphous phase 


CH, rock. B, 


CH, rock. B, 


CCI str. of atactic or isotactic 
part in amorphous phase 


CCI str. A, 


CCI str. of syndiotactic part 
in amorphous phase 


CCI str. B, 


a, dichroism at small draw ratios; 


6, dichroism at large draw ratios. 


A and C refer to the amorphous and crystalline phase, respectively. 
The value from the preliminary calculation with the use of a revised force field. 
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[22, 23]. The interpretation of the results, however, is not established with certainty. 
Accumulation of the data from many kinds of experiments will make it possible to 
treat the problem of orientation more quantitatively. 

The comparatively great splitting of parallel and perpendicular absorption peaks 
for the 690 cm~! band is important, because this behaviour may provide other 


evidence for the origin of this band. This band has been assigned to the CC! stretching 
mode of the structure (in amorphous phase) with a Cl atom trans to a C atom [4, 5] 
and this assignment was confirmed by the study of model compounds [20]. It has also 
been suggested that the isotactic threefold helical form is the most stable one for the 
structure stated above. However, no information concerning the length of this 
isotactic helix has been available. If the isotactic and syndiotactic parts of certain 
lengths are co-existing in a chain, such a chain is called “stereoblock”’; if both parts 
of very short lengths are co-existing, the chain is called “‘atactic.”” As the completely 
atactic structure will not give absorptions having definite dichroism, the present 
experimental results cannot be explained on the basis of this structure. On the other 
hand, the absorption arising from the stereoblock structure may show dichroism, 
because each block in the chain possibly has orientation on drawing. If threefold 
helical structures of appreciable length really exist in the stereoblock polymer chain, 
the vibrations of this part are classified into the A- and E-types as approximations. 
The A-type vibration has the transition moment parallel to the helix axis and the 
E-type has that perpendicular to this axis. If this helical part is oriented with its 
axis parallel to the draw-direction, the A- and E-type CCl stretching modes will 
appear as parallel and perpendicular bands, respectively. Therefore, we associate 
the 690 em~! band (parallel) to the A-type CCI stretching mode and the 680 em~! band 
(perpendicular) to the E-type CCI stretching mode. Such an assignment would lead 
to the conclusion that the amorphous phase of PVC contains a certain quantity of 
stereoblock chains. 


Band assignments 

The interpretation of the inversion of dichroism has provided a powerful method 
for the assignment of the bands to the symmetry species. Combination of these data 
and the results of the normal co-ordinate treatment leads to reliable assignments of 
bands. The results are shown in Table 3, together with calculated frequencies which 
were reported in our previous paper [8]. Calculations with the use of a more elaborate 
force field are now in progress. 

The assignments of the CH stretching region are changed greatly on the basis of 
the dichroic behaviour of these bands. It is noted that the intensity of the CH, 
antisymmetric stretching mode (4,) is much weaker than that of the CH, symmetric 
stretching mode (A,). The 6, CH stretching mode may be covered by the A, CH 
stretching mode. The assignment of the 1333 cm~! band is ambiguous at present. 
There are two alternative assignments as shown in Table 3. The amorphous band at 
1243 cm~! has been assigned to the overtone of the 615 cm~! band [9, 24]. It seems 
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possible also to assign this band to the CH bending mode of the atactic (or isotactic) 
part in the amorphous regions. The latter assignment seems to be more reasonable, 
because the value 1230 em~! (2 x 615 em~') is somewhat small to be assigned to 
1243 cm~'. Moreover, no reasonable explanation can be given to the question of why 
the amorphous 615 em~! band alone has the overtone, while neither of the crystalline 
bands at 603 and 638 cm~!' have overtones. The 1102 em~! and 1092 em~! bands are 
associated with the crystalline and the amorphous regions, respectively. The 1102 
em~' band is assigned to the A, CC stretching mode. The B, CC stretching mode is 
not found but may overlap in this region. The 970 em~' band is attributable to the 
B,-type CH, rocking mode in the amorphous phase and the 957 em~! band is assigned 
to the same mode in the crystalline phase. The 638 em~! band is assigned to the A, 
CCl stretching mode, while the 603 em~' band is assigned to the B, CC] stretching 
mode according to the dichroic behaviour and the calculated frequencies. The 
reversal of these assignments was proposed by Krrm on the basis of tilting experi- 
ments with partially double oriented specimens [9]. He also made the reversed 
assignments of the bands at 1254 and 1333 em~! as the A, (B,,) and the B, (B,,) CH 
bending modes. The three bands at 603, 957 and 1254 em~! behave similarly accord- 
ing to the present experiments and they must belong to the same symmetry species. 
As the 957 em~' band is assignable with great confidence to the B, (B,,,) CH, rocking 
mode, the assignments of the remaining 603 and 1254 cm~! bands to the A, (B,,) 
vibrations are unlikely. 
Conclusion 

Dichroism for some infra-red bands of polyvinyl! chloride has been found to 
change on drawing the film. It has been shown that this fact can be interpreted in 
terms of the orientation change of the crystalline regions, and the information obtained 
is very useful in assigning bands to the symmetry species. 

It must be borne in mind that similar inversion of dichroism on drawing might be 
found also for other polymers. If such can be found, it will serve greatly in the study 
on the structure of high polymers. 
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Abstract—The infra-red spectra of meso and dl-2;4-dichloropentanes, model compounds of 
polyvinyl chloride, have been measured and the rotational isomerism in these molecules is 


discussed in relation to the assignments of C—C1 stretching frequencies. A discussion on the 


configuration of polyvinyl! chloride chain is also presented. 


Introduction 
THE infra-red spectrum of polyvinyl chloride (PVC) has been reported by many 
authors [1-16], and the relation between spectrum and structure of the polymer has 
been fairly well established. Four C—C| stretching bands in the spectrum of PVC, 
namely x (690 em~'), (638 em~'), » (615 and 4 (603 em~'), were found to be 
sensitive to the crystallinity, stereoregularity and configuration of the polymer chain 
(7-10, 12, 14]. These results, added to the studies of C—CI stretching frequencies in 
small molecules [10, 17], have led to reasonable assignments of these four bands 
10). 

To have more definite evidence for these assignments, we chose 2:4-dichloro- 


pentane as a model compound of PVC and studied the infra-red spectra of its stereo- 


isomers. 
Experimental 
2:4-Dichloropentane was prepared by adding thionyl chloride at a lowered 
temperature to a dimethylaniline solution of pentanediol-2:4, which was obtained by 
the catalytic hydrogenation of acetylacetone (Raney nickel was used as the catalyst). 
Purification was carried out according to the method described by Sistpo and 
Nozaki [18]. The final product had the boiling point of 140-141°C, 
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For the separation of meso and dl-forms we made use of gas chromatography. 
A Shimadzu Type GC-2B gas chromatograph with a 3-m column containing diocty! 
phthalate was used. The gas chromatogram is given in Fig. 1. The fractions corre- 
sponding to each peak were collected separately in cooled U-tubes which were con- 
nected to the outlet of the gas chromatograph. The first fraction A solidified at dry 
ice-methanol temperature, but the second fraction B did not. nj’: A-fraction, 
1-4346, B-fraction, 1-4378. 

The infra-red spectra were recorded by a Hitachi EPI-2 double-beam spectro- 


A(dl- form) 


Bimeso - form) 


20 30 17 
Time, min 196) 


Fig. 1. Gas chromatogram of 2:4-dichloropentane (a mixture of stereoisomers). Column: 
3-m Shimadzu DOP-A; temperature: 110°C; carrier gas: helium, 120 ml/min. 


meter equipped with a NaCl prism and a Perkin-Elmer model 112G single-beam 
grating spectrometer with a KBr foreprism. A simple low-temperature cell was used 
to obtain the solid-state spectrum of the A-fraction. The results are shown in Figs. 2 
and 3. 

Discussion 
Rotational isomerism in the stereoisomers of 2:4-dichloropentane 


and identification of meso and dl-forms 


Prior to the discussion on the relation between model compounds and the polymer, 
the identification of meso and dl-forms of the model compound must be made. 
An examination of the rotational isomerism in the stereoisomers of 2:4-dichloro- 
pentane leads to the conclusion that for the dl-form two stable configurations. 
structures (I) and (II) of Fig. 4, can be expected and for the meso form there is only 
one possible configuration, structure (II1) of Fig. 4. As the d- and the /-forms should 
give the same spectra, they are treated together as the dl-form. In both meso and 
di-forms other rotational isomers are undoubtedly less stable because of the repulsion 
between large C] atoms and methyl groups. Thus, hereafter, attention is concen- 
trated exclusively on the above-mentioned three configurations. 

It is well known that C—C] stretching frequencies are closely related to the 
molecular configurations, and a rule concerning the spectral region of various C—CI 
bonds was proposed [10, 17]. On applying this rule to the present case we can 
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Fig. 2. Infra-red spectrum of the A-fraction (d/-2:4-dichloropentane). 


expect two »(C—Cl) in the region of 600 to 640 em~! (S,,)* for structure (I), two Sx*, 
that is to say, two bands between 670 and 700 cm~' for structure (II), and one S, 


and one Sx, for structure (ITT). 

As shown in Figs. 2 and 3, the A-fraction has two bands at 645 and 622 em~! 
(vapour), 631 and 610 em~! (liquid) and 623 and 597 em~! (solid), and the B-fraction 
has two bands at 683 and 619 cm~! (liquid). From these experimental findings and 
the frequency region expected for both forms, it immediately follows that the A- and 
B-fractions correspond to structure (1) (d/-form) and structure III (meso form), 
respectively. The d/-form exists only in structure (1), because no Sy band is found in 


* Su refers to the configuration (and also the spectral region for it) with a H atom in the trans-position 
with respect to the Cl atorn and Sx with a C atom in the trans-position. 
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3. Infra-red spectrum of the B-fraction (meso 2:4-dichloropentane). 
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Fig. 4. Possible rotational isomers of meso and d/-2:4 dichloropentanes. 


the spectrum of the d/-form (Fig. 2). Even for the vapour of the dl-form, at an 


elevated temperature (60-70°C), no Sy, band was observed. 

Previously NaGat ef al. succeeded in separating meso and dl-forms of pentanediol- 
2:4 {19, 20] and they prepared 2:4-dichloropentanes from the respective diols by the 
reaction with hydrochloric acid [20]. By comparison of their spectra with Figs. 2 
and 3, the assignment given above becomes more conclusive. The spectrum of 
2:4-dichloropentane made from the d/-diol is essentially the same as Fig. 2, and the 
spectrum of the material from the meso diol resembles Fig. 3. The differences in the 
spectra indicate that gas chromatography produces compounds of greater purity. 


NAGAI, S. Kurtpayasni, M. Sarrakit and M. Uxrra, J. Polymer Sci. 35, 295 (1959). 
and Nacai, Nippon Kagaku Zasshi 81, 976 (1960). 
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To interpret the fact that structure (I) is predominant for the d/-form a simple 


calculation of the energy difference (AF)* between structures (1) and (II) was 
attempted. The AF for such rotational isomers consists mainly of two factors, AF, 
which comes from the difference of the skeletal configuration and AF, from the 
interaction of neighboring dipoles [21]. In liquid n-paraffins the trans form is more 
stable than the gauche form and AE, between them amounts to 0-5 ~ 0-8 keal/mole 
[22], while for n-propy! chloride it is estimated to be practically zero in both gaseous 
and liquid states [23]. As dl-2:4-dichloropentane has two axes of internal rotation, 
AE, between structures (1) and (II) is estimated to be 1-0 ~ 1-6 keal/mole. On the 
other hand the interaction energy F, of the two C—C! bond dipoles (4, and j,) is 
represented approximately as follows [24]: 
4,(cos 3 cos 4. cos y)/ R® 


where cos 6, cos y and cos 0’ are defined in terms of scalar products: cos 6 = y, . R/R, 
cos y = Y2. R/R, cos # = y,.Y.. In these equations y, and y, are unit vectors in the 
directions of the respective dipoles and R is a position vector from the centre of one 


‘ 


dipole to that of the second. Assuming that the centre of the C—C! bond dipole is 
close to the centre of the C—Cl bond and all the angles around C atoms are tetra- 
hedral, we can readily calculate £, for structures (1) and (11): 0-23 keal/mole for (1) 
and 0-94 keal/mole for (11). Accordingly AZ, of this case is ca. 0-7 keal/mole. Thus, 
structure (1) is more stable than (11) by 1-7 ~ 2-3 keal/mole in total, and this large 
energy difference explains the present result that structure (I1) does not appear even 
at an elevated temperature, as the equilibrium ratiot of these structures is deter- 
mined by a factor exp (AF/RT) {22}. 


Comparison with the C—C\ stretching frequencies of PVC 

The dl- and the meso forms of 2:4-dichloropentane have configurations corre- 
sponding to the syndiotactic? and the isotactic? polyvinyl chlorides, respectively, and 
might be called model compounds of these polymers. 

As written previously PVC has four »(CCl), at 690 (x), 638 (#), 615 (y) and 603 
em~! (6). The latter three bands have been definitely assigned to S,, of the extended 
syndiotacticstructure| Fig. 5(a)|{9, 10,12]. Theamorphous y-band splitsinto the and 
6-bands in the crystalline region. The two »(CCl)-bands observed for dl-2 :4-dichloro- 
pentane, the syndiotactic model, correspond excellently to the f- and 4-bands. 
The «-band has been assigned to Sy [9, 10]. Of the chain configurations in which a C 
atom is trans to a Cl atom, two cases deserve discussion as comparatively stable forms, 
one is the folded syndiotactic structure [ Fig. 5(b)| and the other is the isotactic three- 
fold helix [Fig. 5(c)|. Samanovucui ef al. associated the x-band mainly with the latter 
form [9, 10]. The present experimental result that for d/-2:4-dichloropentane no 

* AE E (Structure IT) E (Structure 1). 

+ Equilibrium ratio number of the molecules of structure (1)/number of the molecules of structure (IT). 


* As to the definition of the syndiotactic and the isotactic poly mers, see, for example, G. NaTtrTa and 
P. Corrapint, J. Polymer Set. 20, 251 (1956). 
Mizusnima, Y. Mortno and T. Suimanovucni, J. Phys. Chem. 56, 324 (1952). 
§. Mrzvusuia, Ntructure of Molecules and Internal Rotation. Academic Press. New York (1954). 
Komakt, Icntsuima, K. Kuratant, T. Mryazawa, T. Saimanoucnui and S. Mizusuima, Bull. 
Chem. Soc. Japan 28, 330 (1955). 
2. N. Lasserre and L. B. Dean, Jr., J. Chem. Phys. 17, 317 (1949). 
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band is found in the region near 690 em~! provides strong evidence for this assign- 
ment, because the folded syndiotactic structure has the structural unit which 
corresponds to the non-existent structure (II). Only meso-2:4-dichloropentane, 
which is the isotactic model, has the corresponding frequency at 683 em~'. Although 
the possibility that the folded syndiotactic structure exists in the polymer texture 


may not be excluded completely from a single bit of evidence, it is almost certain 


(a) (b) 


Fig. 5. Configurations of polyvinyl chloride chain. (a) Extended syndiotactic structure 
TTTT*—). (b) Folded syndiotactic structure (—TTGG*—). (ec) lsotactic threefold 
helix ( TGTG* 


that the isotactic helical part is considerably abundant compared with the folded 
syndiotactic structure. This point of view is in good agreement with the fact that 
the ratio of the intensity of the z-band to that of the y-band decreases only a little on 
extension of the polymer film [9, 10]. In any case the existence of the isotactic 
structure in PVC is beyond question. However, there still remains the problem of 
whether it really takes the threefold helical form of appreciable length. ‘The measure- 
ment of the dichroism for the «-band reveals that the parallel and the perpendicular 
absorption maxima are slightly different [10, 14]. This fact may have some relation 
to the problem. The more detailed study recently done on this point will be reported 
later. 

Acknowledqementa—-We are grateful to Dr. E. NaGat and Mr. M. Surraki for informing us of 
their work on the separation of the stereoisomers of 2:4-dichloropentane prior to publication. 


* T and G refer to the trans and the gauche configurations of the main chain, respectively. 
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Abstract—A method is suggested for complete vaporization of a substance in a graphite crucible. 
The use of this method for quantitative analysis, using atomic absorption spectra, eliminates 
the effect of the composition of the sample on the analytical results. A high absolute sensitivity 
is reached for the determination of the majority of the elements. The apparatus and experimental 
procedure are described, and the dependence of the degree of absorption on experimental 
conditions is discussed. 
Introduction 

Atomic absorption spectra, as used in analysis, are based on the absorption of 
resonance lines by free atoms of a substance in the vapour phase. In comparison 
with emission spectroscopy, this method of analysis has several advantages: 

(1) It measures directly the number of ground-state atoms, and not the number 
of excited ones, which depends exponentially on the temperature. At a temperature 
of up to 2000-3000°K the number of ground-state atoms accounts for practically 
the whole of the atoms in the vapour phase. The magnitude of the absorption 
coefficient varies only as , 7’, which eliminates a considerable source of error 
arising from temperature variation in the excitation source. 

(2) The hollow-cathode discharge, which is used as a light source in this method, 
gives the spectrum of an element free from background, and with a small number of 
very intense lines. In this way the possibility of interference of lines is considerably 
smaller than in analytical methods using emission spectroscopy. Therefore a 
spectroscope with a large dispersion is not necessary for ordinary analytical work. 

(3) The detection sensitivity for elements does not depend on the spectral 
response of the light receiver, because the absorption coefficient is determined by 
measuring the relative intensity of light which has passed through the absorption 
cell, with respect to that which has not. 

The differences in the excitation potentials of resonance lines for different 
elements are not important, because the number of ground-state atoms are measured. 

In spite of these advantages, atomic absorption spectra have not received 


widespread use in analytical work. This is explained by the absence of any con- 


venient methods of vaporization of the specimen for which there is a known 
relationship between the concentration of the element in the specimen, and the 
concentration of free atoms in the gas phase. 

The simplest methods of vaporization, which have been used in research in 
absorption spectra, are: 

(1) Vaporization of the compound in a closed quartz crucible. 

(2) Vaporization of the compound in a high-temperature vacuum furnace made 

out of graphite (King furnace). 

(3) Vaporization of the compound in flames. 

The use of a quartz crucible is limited for analytical purposes by the tempera- 
ture of the melting point of quartz (1200°C). The use of the King furnace is also 
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limited, from the analytical point of view, because the atom concentration does not 
depend on the quantity of the element in the specimen, but on the vapour pressure 
of the form in which the element under examination is introduced (salt, oxide, 
metal, ete.). 

The most widely used of the known methods is the flame technique. A solution 
of the substance under analysis is sprayed into the flame, so producing a column of 
vapour in which the atom concentration of the element depends on its concentra- 
tion in the solution. This method is becoming more and more widespread in its use 
in determining a number of elements by absorption [1-7]. 

However, even this method is not free from its disadvantages. In actual fact, 
the concentration of atoms in the vapour phase, under normal circumstances, is 
determined by the degree of dissociation of the compound, introduced or formed in 
the flame. The degree of dissociation of several compounds (BaO, AlO, TiO, 
LIOH, CsOH, ete.), in flames normally used, is extremely small [8-10]. As a result, 
the determination of the corresponding elements is only possible at much reduced 
sensitivities. The presence of foreign substances can greatly affect the degree of 


dissociation of many incompletely dissociated compounds. Therefore the effect of 
composition is not eliminated, although it is somewhat reduced in comparison with 


emission methods. 
Method 


The vaporization of a substance in the graphite crucible 

The method suggested consists in complete vaporization of a substance in a 
graphite crucible. Diffusion of the vapour takes place through the hole for the 
light signal, and also because of the considerable porosity of graphite itself. There- 
fore complete vaporization of the specimen, and measurement of the atom con- 
centration must be done in a time, such that it is possible to neglect atom loss due 
to diffusion. In order to comply with this, the substance is carried on to the cold end 
of a carbon electrode, this is introduced into an opening in the crucible, which is 
itself heated to 2000-3000°K, and the electrode is simultaneously heated from the 
outside by means of a d.c. are (Fig. 1). 

It is possible theoretically to estimate the diffusion of vapour through the open 
mouth of the crucible, and through the graphite walls [11]. It follows from such a 
treatment that: 

(1) Since the amount of diffusion depends on the type and pressure of the sur- 
rounding gas, the loss of vapour can be decreased if the crucible is placed in an 
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atmosphere of some gas or other (preferably a heavy one), and not in a vacuum. 
We filled the chamber, in which the graphite crucible was placed, with 1 atm 
pressure of argon. 


(2) The loss of vapour by diffusion through the walls of the crucible, con- 
structed as shown in Fig. |, is the same order of magnitude as that through the 
open mouth. In order to overcome this we placed a layer of Ta foil inside the 
crucible. 

(3) The magnitude of the loss by diffusion through the open mouth of the 
crucible depends only on its length. Hence in order to minimize this, it is necessary 


cm 


Fig. 1. The system for heating the electrodes: (1) crucible; (2) lining of tantalum foil; 
(3) electrode with the sample; (4) supplementary electrode; (5) are gap. 


to use a long one. The loss at 2000°K for a length of 10 em, is about 4 per cent in 
0-1 see (for Hg in an atmosphere of N,). 

A small quantity of a substance (~100 yg) can be vaporized by using a 40-60 A 
are as supplementary heating of the electrode, in a sufficiently short time for 
diffusion to be neglected. 

In order to determine the atom concentration in a vapour, the degree of absorp- 
tion is measured for a particular portion of the absorption line contour. A reso- 
nance line for the element under analysis is used as a light signal, and is produced ina 
hollow cathode discharge. Photoelectric detection, with the signal continuously 
recorded, allows the degree of absorption to be measured at the exact moment of 
complete vaporization of the specimen. 


Description of the apparatus 

The apparatus was designed on the principles of single-beam spectrophotometry. 
A discharge tube equipped with changeable hollow cathodes, and without the 
additional circulatory system for re-cycling the argon which fills it, was used as a 
light source. 

The graphite crucible is placed in a special chamber, as shown in Fig. 2. Brass 
supports for the graphite contacts between which the graphite crucible is fixed, 
the mechanism for changing the electrode holding the specimen, and the hinge for 
the setting up of the supplementary heating electrode are mounted on *‘Textolite”’ 
bases. 

The chamber is hermetically sealed by an aluminium cover and rubber 
gaskets. Two holes were cut in the cover and equipped with quartz windows to 
allow the light signal to pass through the crucible. An additional window was cut 
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in the front for observational purposes, and on the rear wall of the cover is fixed a 
radiation pyrometer for measuring the temperature of the crucible. 

The electrodes are made of spectroscopically pure carbon rod 6 mm in diameter. 
The end of each electrode is turned down into a cone, which fits into the conical 
opening in the crucible. The electrodes are moved around in the chamber by 
means of the adjusting rod, which passes through a vac-seal. A cross is fastened 
on to the rod, and at each corner is fixed a tungsten wire which carries the electrode. 
Turning the rod allows each electrode to be brought up in turn to the opening in 
the crucible, without opening the chamber. The crucible itself is heated by an a.c. 
current supplied by a 10-kW step-down transformer. 


D 8 


Fig. 3. Diagram of the absorption curve. 


A monochromator with glass optics is used as the spectrometer, and a photo- 
multiplier is placed against its exit slit. The signal from this is fed into a narrow- 
band amplifier, with an RC filter tuned to the modulation frequency. (In order to 
eliminate the background from the glowing furnace, and also the spectra of partly 
excited atoms in the crucible which would interfere with the line to be measured. 
the light from the hollow-cathode source is chopped, i.e. modulated by means of a 


perforated disk revolving in front of the source). The output from the amplifier is 


fed into an electronic recording |8] potentiometer, which has a full-scale traverse 


time of | sec. 


Exp rimental proce dure 

The substance to be analysed is placed, in solution form, on the end of a carbon 
electrode, and then evaporated to dryness. To stop the solution from soaking into 
the carbon the tip of the electrode is coated with a 0-3 per cent solution of poly- 
styrene in benzene. This is then placed on one of the wires on the metal cross, the 
cover closed, the chamber pumped out and then filled with argon. The crucible 
heaters are switched on, and the required temperature reached. The electrode, 
carrying the specimen is introduced into the opening in the crucible, and the d.c. 
are automatically switched on. After 3-4 sec this is switched off, the electrode 
removed, and the following one inserted by rotating the rod. 

The magnitude of the output signal is automatically recorded by the potentiom- 
eter, from the moment of switching on until the end of the measurement. A 
typical curve is shown in Fig. 3. AB corresponds to the standing signal 7’,: at the 
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Fig. 2. The chamber (1) erucible: (2) removable electrodes: 
(3) supplementary electrode; (4) adjusting rod 
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point B there is a sharp decrease in the intensity of the signal, as a result of the 
vaporization of the specimen. C corresponds to the moment of complete vaporiza- 
tion of specimen, after which there is a gradual increase in the signal (CD) due to the 
diffusion of atoms out of the crucible. Because of this latter fact. the crucible 
quickly cleans itself, and can be used for the next analysis. With one crucible at 
2000°C, about 100 measurements can be carried out. The optical density at the 
minimum in the experimental curves is taken as a measure of the degree of absorp- 
tion. 

Because of the time constant involved in the measurements carried out with 
this apparatus, we did not directly measure the time of vaporization, or the mag- 
nitude of the diffusion out of the crucible of the given dimensions and construction. 


The theoretical dependence of the degree of absorption on the amount 
of vaporized compound present 

Since the vapour in the crucible is at 1 atm, then there will be a pressure 
broadening (Lorentz), and also a shift Avg in the absorption line with respect to the 
line at zero pressure. Therefore the line given out by the hollow-cathode source is 
displaced from the centre of the absorption line by Avg. 

In the case when the lines given out by the source are sufficiently narrow in 
comparison to the absorption lines, which are pressure and temperature broadened, 
then the incident illumination can be taken, to all intents and purposes, to be 
monochromatic. The measured absorption coefficient K. can then be expressed 
by the formula: 


dy 
(1) 


where 


Av, Nanm 


o ane a yYine 
Av, 
Here Av, and Av, are the Lorentz and Doppler widths of the absorption lines, f 
denotes the oscillator strength and N is the atom concentration | 12]. 

The integral in (1) can be evaluated either numerically, or by means of a series. 
However, for the sake of simplicity it can be assigned an elementary function [13] 
such that (1) becomes: 

l a 


K, (2) 


\ 7 a" 
Substituting in (2) for m, a and K, we get: 


De2 A 
f Vr Nf 10 
me Av,* + 4Ayv,? 


Av, 


Ke. : 
Ay,? + 4Ayv,? 


Vf (3) 


[12] A. Mrrener and M. Zemansk1, Resonance Radiation and Excited Atoms. ONTI. Moscow Leningrad 
(1937). 
[13] M. Born, Optica. ONTI, Kharkov—Kiev (1937). 
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Because of the highly reducing conditions existing inside the graphite crucible, 


the partial pressures of O and OH which can exist will be several orders lower than 


in a flame. hence even the most refractory of oxides (BaQO, AlO. TiO, ete.) and 
hydroxides (LIOH, CsOH, RbOH, ete.) will dissociate almost completely. In this 
case the concentration of free atoms in the crucible can be related to the amount 
M of the element introduced (in grammes) in the follewing way: 


6-02 


4 
ASI (+) 


where / is the length, S the cross-sectional area of the crucible and A the atomic 
weight of the element 

Changing the absorption coefficient A, and the atom concentration N in (3) for 
experimentally determinable quantities, i.e. optical density D = 0-434K/, and the 
amount .W/ of substance introduced into the crucible, the following expression is 


obtained 


M 
(9) 
where 


Ar, f 
4Ar A 


4-45 


Equation (5) is correct only for a monochromatic signal. However, because of the 
hypertine structure of the lines, which is due to isotopic effects, and nuclear spins, 
the line width obtained in practice, in the majority of cases, is comparable with the 
absorption line width. Therefore the above expression is not suitable for absolute 
calculations in the general case. 

Bearing in mind the necessary given conditions, it would appear that a quanti- 
tative analogy between oscillator strengths and magnitudes of absorption is 
doubtful, without taking into account the line structure and also the differences in 
Lorentz broadening and line shift, as was done by Russet et al. {1} 

When such a comparison is being carried out, it must also be born in mind that, 
in flames, oxides and hydroxides of many elements do not completely dissociate. 
Therefore, even when the above conditions have been allowed for, it is possible to 
compare only values of af, where z is the degree of dissociation [10]. 


Experimental results and discussion 

We have obtained calibration curves for Li, K, Cs, Ba, Sr, Al, In, Tl. Pb. Cr. 
Mn and Ti (Fig. 4) 

There is a marked deviation from linearity for many elements. This was also 
observed by Russexu et al. {1}, and ALLAN [2]. The fact that the lines are not 
monochromatic, may be due to hyperfine structure or self-absorption of the reso- 
nance lines in the source itself, leading to a considerable line broadening. This last 
suggestion is born out by the curvature of the graphs in cases where hyperfine 
splitting can be neglected (Cr, Sr. K). 

The non-linearity of the concentration curves necessitates a preliminary 
calibration for each element. 
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Because of the complete dissociation of the molecules in the crucible, the effect 
of the composition of the sample on the analytical results is eliminated. These 
effects are produced by changes in the degree of dissociation of certain compounds. 
Since ionization at temperatures of up to 2500°K does not take place (except for 
the alkali metals), but vaporization of the sample is complete, there will be no 


+O 


6 


M(y)x 


Fig. 4. Calibration curves. 


Table 1. Determination of manganese in different substances 


Values of optical absorption density of 


Weight ratio Mn in different bases 


of Mn to the 


substance 
Pb(NOg), Sr(NOsz3)o 


:10 0-49 
5 0-49 
1000 5 5 0-50 
10000 0-48 0-48 


effect due to fractionation. In general the quantitative results obtained by this 
method, do not in any way depend on the composition of the sample. This is 
illustrated by the determination of Mn in the presence of other substances (Table 1). 
On addition to the Mn of excess by weight of NaCl, Pb(NO,) and Sr(NO,), the 
optical density of the absorption line Mn 4030 A remained constant within the 
limits of experimental error. 

Let us consider another example. It is well known that in the estimation of the 
alkaline earths (Ca, Sr.) by flame photometry, the addition of Al to the solution 
markedly decreases the intensity of the Ca and Sr spectrum. A tenfold addition of 
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Al relative to Ca or Sr, produces a tenfold decrease in the emission of the Ca or Sr 
resonance line. This is explained by the formation of refractory aluminates of the 
corresponding metals. If the method suggested in this paper is used, then this 
effect is not observed. The addition of 1000 parts of Al to a specimen containing Sr 
did not change the absorption of the Sr 4607 A line. 


Hence, calibration and quantitative analysis can be carried out irrespective of 


the state of the specimen. 

Although (5) is of no general use for absolute calculations, it can be used to 
evaluate the factors which affect the absolute sensitivity of the method. It follows 
from (5) that the minimum quantity of an element which can be determined to a 
given accuracy, i.e. the absolute sensitivity of the method, depends on the cross- 
sectional area of the crucible S, the accuracy with which the optical density D can be 
measured, and several constants on which depends b. 

Experiment shows that in actual fact the sensitiv ity is inversely proportional to 
the cross-sectional area of the crucible. For technical reasons, however. it is 
impossible to make a furnace with an internal diameter of less than 2-3 mm. 

The possibility of measuring low optical densities also increases the sensitivity. 
In our apparatus the limiting magnitude of the optical density which can be 
measured with a relative error of ~50 per cent was 0-05. However. by using 
double-beam spectrophotometry and logarithmic amplification, it should be 
possible to measure 0-001-0-005 of a unit of optical density [14,15]. 

Finally the absolute sensitivity is determined by the choice of spectral lines, the 
pressure and nature of the gas. which produces greater or less broadening and 
shift of the absorption line, and the contour of the line given out by the source, i.e. 
the mode of the discharge in the hollow-cathode tube. 

Values are given in Table 2 of the absolute sensitivity corresponding to an 
optical density of 0-05, for vaporizing compounds in a 3-mm diameter crucible. 
with a Ta lining, at a temperature of 2200°C, and 1 atm pressure (argon). 

Increasing the accuracy of measurement. and using more sensitive resonance 
lines (Table 2) the absolute sensitivity could be increased still further. 

For a given absolute sensitivity, the relative sensitivity is determined by the 
amount of substance existing in the vapour phase. Increasing the amount of 
specimen is limited by the fact that, in the end, the volume of vapour becomes 
comparable with the internal volume of the crucible. Because of this. some of the 
vapour will escape from the crucible, due to the increase in pressure, and hence will 
introduce an error in the determination of a concentration. Increasing the internal 
volume of the crucible will allow a greater quantity of a substance to be vaporized. 
However, increasing the volume, whilst maintaining a constant absolute sensitivity, 
is only possible by increasing the length. Hence, the relative sensitivity of this 
method depends on the length, and not on the cross-sectional area of the crucible. 

One must also take into account the fact that the volume of vapour is not 
determined by weight but by the number of molecules. Therefore the relative 
sensitivities must depend on the type of compound: for light ones (Al,O,, SiO,, BeO, 
etc.) this will be lower than for heavier ones (U,0,, Pb, SrO, ete.). If we take 


14) P. HartHaran and M. 8. Buawta, J. Opt. Soc. Am. 47, 378 (1957). 
[15] C. C. Yane and V. Rev. Sci. Instr 25, (1954). 
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as a limit that amount of a substance which will give on vaporization at 2500°K, a 
volume equal to the internal volume of a crucible 10 mm long by 3 mm diameter, 
then for an average molecular weight of 30, up to 100 ug of a substance can be 
vaporized. The choice of such criteria specifies that only half of the total amount of 
vaporized substance will remain in the crucible, the remainder escaping due to the 
pressure increase. The relative sensitivities for the majority of elements, based on 


Table 2. Absolute sensitivity 


Line Absolute Most 
measured Transition sensitivity sensitive Transition 
(A) (ug) line 


6707 228 2* 6707 
4044 4*°S, Ps). lo 7667 
4555 lo 8521 
5535 10 5535 
3961 3?P, 48S 10 3093 
4101 52P, 10 3039 
5350 67 10 T 2768 
4057 2833 
4981 °F 3653 
4030 2 «10 2794 
4254 10 3578 


the data given in Table 2 for absolute sensitivities, are about n 
per cent. 

The following fact must be borne in mind when large amounts of a substance 
are being vaporized. As the vapour leaves through the open mouth of the heated 
crucible, a region of condensation is set up causing a “fog” to develop, hence 
scattering the incident light beam and producing a spurious measurement of 
absorption. For example, vaporization in a crucible 20 mm long by 3 mm diameter 
of 50 wg of NaCl produces a scattering which corresponds to an optical density of 


To overcome this phenomenon, we used a crucible with slits cut in the end. The 


vapour escapes through these slits and considerably reduces the amount which 
escapes along the axis of the beam. Slits 5mm long and 3 mm broad practically 
completely stopped the scattering from 100 vg NaCl. 

Incidental analytical errors of the method described are as follows: 

(1) Errors in measuring the dosage of the specimen. 

(2) Errors in measuring the optical density. 

(3) Errors arising out of the change in experimental conditions. (Temperature 

change of the crucible, change in the mode of the discharge.) 

Errors in dosage can be limited to | or 2 per cent by use of a micropipette. Errors 
in measuring the optical density can be made very small by using double-beam 
spectrophotometers and logarithmic amplification. A more persistent error is 
that arising out of changes in sensitivities due to changes in the mode of discharge 
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in the hollow-cathode source. Care must therefore be taken in designing the dis- 
charge tube. 

The speed with which measurements can be made is sufficiently high. We 
carried out about twenty determinations per hour. Improving the separate steps 
of the process should make still further reductions in the analysis times. 

The use of absorption methods for quantitative analysis is limited by the 
following difficulties, which are independent of the way in which vaporization is 
brought about: 

(1) The determination of a series of elements (halogens, gases, sulphur, carbon) 
whose resonance lines lie in the vacuum region of the spectrum, is impossible 


without the necessary technical complications to the apparatus. 
(2) The determinations of a few refractory elements (U, Th, Zr, etc.) is appar- 
ently also impossible, because their resonance lines are too weak, and the vapour 


pressures are exceedingly small, even at the maximum temperatures which can be 
reached in flames and graphite furnaces (3000°C), 

A specific disadvantage of the suggested method lies in the fact that the dosing 
of small quantities requires the preliminary solution of the substance. 
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BOOK REVIEWS 


R. C. Viexery: Analytical Chemistry of the Rare Earths. Pergamon Press, London, 1961. 

139 pp., $6.50. 

Ix THIS timely review, VickERyY describes and comments upon practically all analytical methods 
for the rare-earth elements. Methods range from those requiring only test tubes and crucibles to 
those involving large investment in expensive instruments. The peculiar electronic configuration 
of the rare-earth elements largely frustrates ordinary methods of chemical determination so that 
only a limited amount of information can be obtained through their use. For a comprehensive 
analysis, recourse must be taken to one or more instrumental methods, Even these suffer from 
various difficulties so that laboratories specializing in the study of rare-earth elements use com- 
binations of spectrophotometry, emission spectrography, and X-ray spectrometry. VICKERY's 
review is compressed into 134 pages of text, and, though the information is highly condensed, 
the coverage of the literature is thorough. 

Chemical techniques are still important in decomposition of the sample, separation of the 
rare-earth group from the other constituents, and partial fractionation of rare earths themselves 
prior to their final determination. Redox methods are applicable to the determination of Ce, Pr, 
Sm, Eu, Tb and Yb. Vickery discusses these topics in four chapters following a brief intro- 
duction, and gives sufficient instruction for carrying out each procedure. 

Spectrophotometric methods for determining major amounts of eleven rare-earth elements 
(Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm and Yb) are well discussed in Chap. 6, and the wave- 
lengths of the lines and bands of the individual elements utilized by various investigators are 
compiled into a highly useful table, 6-1. There seems to be a misprint of “‘mg/100 ml” instead of 
‘“¢/100 ml” for the sensitivity limit of Pr 444-5 my and of ClO~ for the perchlorate ion under Dy 
in the table. 

Emission spectrography and X-ray spectrometry permit the determination of all of the rare- 
earth elements, and these techniques are reviewed in Chaps. 7 and 8 respectively. Both 
techniques have found wide application in the analysis of rare-earth mixtures and in analytical 
control over the separation of the individual elements by ion-exchange processes. VICKERY 
(p. 112) reaches the interesting conclusion regarding the relative merits of the two techniques: 

_ whilst ... analyses for rare earths by X-ray emission spectrography can be effected with 
some accuracy down to about | per cent concentration, determination of levels below this is 
best left for are spectrography ....° Analytical lines have been tabulated for both techniques. 
Table 7-3 of spectral lines might be made more useful if lines used in spark methods were 
separated or distinguished by additional notation from those used in d.c. are methods. The 
internal standard line “Ce 4603-0" listed under cerium must be Fe 4602-944 and the analytical 
lines of Sm have been inadvertently left out of the table. In the bibliography of emission spectro- 
graphy, the important paper by J. R. Burr (Spectrochim. Acta 9, 332-340, 1957) is missing. 

tadiochemical techniques involving neutron activation of the sample followed by deter- 

mination of the activated nucleides are described in Chap. 9. The dependence of detectability 
limits of the technique on neutron flux, neutron cross section, and half life of the resulting 
nucleide is clearly brought out in the discussion. The chapter also includes a brief discussion of 
radiochemical tracer techniques for monitoring the chemical separations of the rare-earth 
elements. Dy164 is missing from Table 9-4. 

Three appendices on geochemical associations of the rare-earth elements, gravimetric factors 


(and their reciprocals), and on polarographic methods for Eu and Yb are provided. Author and 
subject indices complete the book. For those in need of a concise, thorough, and up-to-date 
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discussion of all analytical methods applicable to the rare-earth elements VicKERY’s book will be 
welcome indeed. 


K. J. Murata 


Organic Electronic Spectral Data, Vol. |, 1946-52 (Edited by Mortimer J. Kamuer): Vol. 2, 
1953-1955 (Edited by H. E. Unexape), Interscience Publishers, New York (1960). 


THIs monumental collection of spectral data has resulted from the efforts of the officers and 
contributors of an incorporated organization, Organic Electronic Spectral Data, Inc. The data 
for compounds listed according to molecular formulae include the solvents, wavelength maxima. 
log « values and references. The first two volumes including data from the literature through 
1955 are now available; the reviewer has examined Vol. 1. Three other volumes are under pre- 
paration to include data from publications through 1961. Members of the organization are to be 
congratulated for their efforts. The first two volumes of 1244 and 775 pages respectively contain 
an impressive amount of data and establish themselves as mandatory acquisitions for any 
laboratory dealing with electronic spectra 

The dedicatory message in honor of the late FE. A. BRAUDE is a very appropriate beginning 
for this compilation. Before his untimely death Braupe certainly contributed greatly to the 
utilization of electronic spectral data. 

The production of such an extensive compilation requires many compromises in order to 
prevent fantastic ¢ Xpansion The decision not to publish complete spectra Was one such neces 
sary compromise. The actual pictures of the spectral curve would be extre mely useful, but it is 
obviously impossible to include them 

Nomenclature in a branch of science as old as ultraviolet—visibk spectroscopy is a difficult 
problem. With the wide use which this compilation will have it would have been a service to 
spectroscopy to crusade for one specific nomenclature system—any system. The advance notice 
[| Anal. Chem. 31, 42A (1959)) strongly recommended a particular system, but that article and the 
first two volumes do not use it. However. the symbols used, A and log ¢, are universally recog- 
nized and will be favored by the majority 

The limitation to only those literature spectra containing both wavelength and intensity data 
is perhaps too exclusive A large amount of valuable data with wavelength positions only has 
been omitte d 


Another important exclusion from this compilation is the many important spectra which 


do not have well-defined empirical formulae It would, of cours . be senseless to attempt to 


include many spectra of unknown substances that are published in the literature, but there are a 


matural products and common substances which are sufficiently well defined chemi 
value in such a collection. The user will not find anv reference to spectra of poly 
and other polymers, butterfat, albumin, lignin, ete 
data from several spe ctral collections are not ine luded in this compilation, such as those 
ik, PesTEMER, the SaADTLER collection, the LANDOLT- BORNSTEIN collection, and FrrepEL 
owin. These uuld seem to be unfortunate omissions, although manv of the spectra in 
Hiections are contained in publications cov the present compilation. However, 
a number that do not appe: lsewhere; s the data for many of the compounds will 
omplete HERSHENSON’'s pption Spectra: Index for 1930-1954 
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Book reviews 


DD. P. Grappon: An Introduction to Co-ordination Chemistry. Pergamon Press, Oxford, 1961. 
111 pp., 25s. 
Ir IS now seventy years since WERNER attempted to interpret the structure of many of the 


coloured complex inorganic compounds then known in terms of his theory of secondary valen- 


cies. Much has happened since that time to clarify the picture. Theories of valency have passed 


through several stages of development, the application of quantum theory to atomic spectra has 
provided a basis for our knowledge of electronic energy levels, physical methods have been 
applied to problems of structure and stability of molecular systems, and our knowledge of 
stereochemistry and of the methods for investigating it have been transformed. 

There is at the present time a new surge of interest in co-ordination chemistry, and this 
small book provides a clear concise survey of the present position and of recent work. It should 
be valuable to all chemists (or physicists) who want to have a picture of current ideas about the 
different kinds of co-ordination complexes. It contains a short account of the early work, the 
examination of complexes by physical methods such as spectral absorption, electrical conduc- 
tivity, or the existence of isomers. Then follows an outline of the octet theory , the significance of 
co-ordination numbers, of atomic orbitals and hybrid orbitals, non-bonding electron pairs and 
paramagnetism. The principles of simple ligand field theory are illustrated with specific examples. 
The function of polymerization in preserving the usual co-ordination number is discussed. 
There are interesting chapters on the stabilities of complex salts, factors affecting them, and 
methods of measuring them. There is also an account of other complexes such as carbonyls, 
nitrosyls and 2z-complexes such as ferrocene and the chromium phenyls, and finally a short 
indication of some practical applications and uses of these compounds in analytical work. 

Although the author makes no attempt at any exhaustive treatment, the survey is adequate 
and well balanced, and students for an honours degree should find it very useful. Many references 
are also provided where more detailed information can be found. 


H. W. THompson 


H. A. Liepuarsky, H. G. Premrer, E. H. Winstow and P. D. Zemany: X-ray Absorption and 
Emission in Analytical Chemistry. Wiley, New York, 1960. 357 pp., 108s. or $13.50. 


AmonG the more recent methods for the qualitative or quantitative determination of elements, 
X-ray emission spectroscopy——often referred to as X-ray fluorescence—has been increasing in 
importance. It was the basis for the discovery of hafnium, and it is now being used for the 
analysis of multicomponent alloys, for the estimation of lead tetra-ethyl in gasoline, and for the 
assay of minerals. X-ray absorption measurements have of course been applied for some time 
past to a variety of problems such as the determination of metal film thickness and to chemical 
analyses of different kinds. 

This book, compiled by four workers at the G.E.C. laboratories who are directly concerned 
with X-ray work, aims at presenting an account of the underlying principles, techniques and 
applications. An outline is first given of the significance of X-rays in terms of atomic energy 
levels, the fundamentals of diffraction by a crystal lattice, the nature of absorption edges and 
related matters. Then follows an account of modern X-ray detectors, including Geiger counters, 
phosphors, photoelectric devices and scintillation counters. The rest of the book is devoted to 
the uses of X ray absorption or emission for many practical proble ms, and a discussion of modern 
instruments and technical factors affecting their design and performance. The limitations of the 
X-ray emission method for determining lighter nuclei is considered. 

The book contains a wealth of valuable information and will be of direct interest to those 
who are engaged in this particular field or who are planning to instal X-ray equipment. It is less 
suitable, perhaps, for the general student or others who wish to have a more readable survey of 
the subject. 

H. W. THompson 
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An Index to Published Infra-red Spectra. Vols. | and If. H.M. Stationery Office, London. 805 
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High-resolution Raman spectroscopy in the red and near infra-red—I 


Vibrational Raman spectrum of natural liquid chlorine 


H. and R. Forneris 
Department of Physics, F.F.C.L., University of Sao Paulo, Brazil 


(Received 2 March 1961) 


Abstract 


copy are discussed and an extremely simple high speed grating spectrograph for such studies in 


Several experimental aspects and applicabilities of high-resolution Raman spectros- 


the red and near infra-red range is described. Depending upon the focal length of the cameras 


used, effective resolutions from 0-3 to 1-5 em! were obtained. 


The high-resolution Raman spectrum of liquid chlorine, excited by the helium radiation 
5875-62 A, is reported. The transitions AG,,, and AG), of the three isotopic species *°Cl,, 
35(°37C] and *"Ci,, present in the natural abundance ratio 9:6:1, were observed. The values of 


the second difference A*G,,, ,,. and of the first-order anharmonicity term o,x, have been calcu- 


lated from the observed frequencies. For *°Cl, the most reliable value of the latter constant was 


found to be 2:70 + 0-05 em™~! which is appreciably different from the hitherto adopted value of 


4-0 em™! as derived from the analysis of the absorption band spectrum of the molecule. 


Introduction 


Hicu-resolution Raman spectroscopy is applied mainly to studies of the fine 


structure of pure rotational bands, and, to a lesser extent, to rotation-vibrational 


aman bands of simple molecules in the gaseous state. The information thus 


obtained is particularly valuable in the case of non-polar molecules which do not 


exhibit a rotational absorption spectrum in the infra-red or in the microwave 


region. In recent years the experimental methods of those investigations have 
been greatly improved, due chiefly to the work of Wesu etal. {1] and of Srorcnerr 
[2]. Their spectra were excited in the conventional way by the mercury radiation 
4358-354 and recorded photographically. Due to the fact that the highly sensitive 
emulsions which must be employed are relatively coarse grained, the practical 


resolving power of the apparatus depends largely upon the graininess of the photo- 


graphic plate. In order to achieve an effective resolution of the order of 1 em 


required for the kind of work under consideration, the use of high dispersion and. 


consequently, low light power spectrographs is unavoidable. 

Wetsu ef al. [1] utilized a two-prism glass instrument in a Littrow mounting 
with collimator lenses of aperture //42, focal length 250 em or of aperture f/20 and 
focal length 150 em. The reciprocal linear dispersions at 4358 A were 10-5 and 


15-6 cm~'/mm, respectively. Exposure times up to 100 hr were required, especially 
for the recording of rotation-vibrational bands which are generally much weaker 
than the pure rotational spectra. In order to make such long exposures possible 
without loss of definition in the spectral lines, the prisms were enclosed in a sealed 
box under constant pressure and the whole instrument was housed in an insulated 


. L. Weusn, E. J. Stanssury, J. Romanko and T. Fetpman, J. Opt. Soc. Amer. 45, 338 (1955). 
. P. Srorcuerr, Can. J. Phys. 32, 330 (1954). 
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room whose temperature was controlled to =0-2°C. The practical resolution 
obtained by means of the described instruments was reported to be of the order of 


1-2 em~'. 

SrToicHErFF recorded the pure rotational Raman spectrum of some gases, which 
are much more intense than the rotation-vibrational bands, in the second order 
of a 21-ft blazed concave grating, attaining an effective resolution of 0-4 em~'. 
This author has recently given a thorough account of the present state of high 
resolution Raman spectroscopy [3] and we refer to his review for further details on 
experimental techniques and present limitations. 

The results of the above-mentioned authors have been obtained in spite of the 
low light power of the instruments used and of the low molecular density in gases. 
The success of their work is primarily due to the striking improvements of the 

taman light sources that were achieved by WeELSH, StorcHerr and co-workers. 
The development of high-intensity externally water-cooled mercury lamps and the 
construction of multiple reflection Raman tubes [1,4], 7 cm in inner diameter and 
200 em long, provided inside with a suitable system of concave mirrors, increase 
the intensity of the Raman source by a factor that has been estimated to be of the 
order of 5000 as compared with a conventional excitation unit used to obtain 
taman spectra of liquids at low dispersion. A further fifteen-fold gain in intensity 
was obtained by the use of a cylindrical lens of short focal length mounted in front 
of the plate holder and adjusted to focus the vertical dimension of the aperture of 
the spectrograph on the plate and thus to reduce the length of the spectral lines 
one-fifteenth. In order to avoid a loss of resolution through the introduction of the 
cylindrical lens, a curved spectrograph slit was necessary when a prism instrument 
was used. 

Manifestly, the experimental arrangement as employed by the Canadian 
workers is rather expensive and complicated; the delicate adjustment and align- 
ment of the individual parts of the apparatus is expected to require unusual skill. 
We believe those circumstances to be responsible for the fact that Raman spectro- 
scopic work requiring high resolution is at present practically restricted to the 
above mentioned studies and that it is seldom applied to other investigations 
where it might be valuable. The usefulness of instruments with large resolving 
capability is by no means confined to observations on gases; the examination of 
vibrational spectra of liquids and solids (where molecular rotation is practically 
completely hindered) under high resolution is expected to contribute to the eluci- 
dation of many problems. Among pertinent topics requiring measurements of high 
accuracy we mention the studies of anharmonicity and coupling effects through the 
observation of upper state transitions, weak molecular interactions and solvent 
effects, crystal field splittings, the measurement of small vibrational displacements 
caused by the isotopic species of heavier atoms, the investigation of contours of 
unresolved bands, etc. 

In the following section we shall describe briefly the setting up of a small, high 
light power grating spectrograph suitable for recording Raman spectra excited in 


[3| B. P. Svrorcwerr, High resolution Raman spectroscopy. In Advances in Spectroscopy (Edited by 
H. W. THompson) Vol. I. Interscience, New York (1959). 
[4] H. L. C, and FE. J. Stanspury, J. Opt. Soc. Am. 41, 712 (1951). 
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the red and near infra-red range of spectrum under high resolution. We hope that 
this instrument will prove to be useful not only for observations of the above-men- 
tioned nature but also, in conjunction with an adequate light source, for studies of 
the rotational and rotation-vibrational Raman spectra of gaseous compounds. 


Spectrograph 

Raman spectra possess the inherent advantage that they are not localized in a 
given spectral zone but may be produced (with certain limitations) within a broad 
region of the spectrum which extends from the ultra-violet to the near infra-red, 
depending upon the wavelength of the exciting radiation. We have been working 
for some time on Raman spectra excited in the red and near infra-red using 
spectrographs provided with blazed plane gratings in a high light power arrange- 
ment. As compared with the conventional techniques of Raman spectroscopy such 
work is carried out under unfavourable conditions which arise from the decrease of 
the scattering factor in the long wave range, from the comparatively low intensity 
of the available light sources, and from the reduced spectral sensitivity of the 
photographic plate. However, we have frequently pointed out that these adverse 
factors are counterbalanced by the ratio of wavelength to frequency which becomes 
increasingly more favourable towards higher wavelengths and thus makes it 
possible to attain a required linear dispersion and practical resolution with spectro- 
graphs of large aperture. The wavelength difference of two spectral lines lying 
1 em~' apart is less than 0-2 A at 4358 A; at 8000 A the same lines are separated by 
0-64 A. 

Due to the low intensity of the radiations investigated in the Raman effect, the 
effective resolution obtained by means of a given dispersing device is nearly always 
limited by instrumental factors such as slit width, grain of the photographic plate, 
ete., and thus depends primarily upon the linear dispersion provided by the image- 
forming optical system. The intrinsic resolving power of the dispersing element is 
rather inessential; even that of small gratings is generally more than sufficient for 
high-resolution work in the long-wavelength region. Hence it is feasible to set up a 
spectrograph combining high light power with large dispersion without requiring 
unduly large and expensive optical elements. A further advantage is provided by 
the availability of high quality plane gratings in reduced size having an extremely 
small grating constant and suitable blaze. 

For high-resolution work we use a plane reflectance grating having a ruled area 
of 65 « 76mm with 2160 grooves/mm and blazed for 6000 A in the first order. In 
order to secure a complete adaptability of the instrument to the light power, linear 
dispersion, and resolution required by the nature of the investigation we employ 
lens optics exclusively, with a separate collimator and camera which are mounted 
at an angle of about 45°. For investigations in the spectral range 7000-8500 A this 
angle is reduced to about 30°. The collimating lens has a focal length of 30 em and 
aperture f/4-5. Since the photographic speed of the spectrograph is quite indepen- 
dent of the collimator focal length and is defined by the angular aperture of the 
camera lens, this collimator is used in conjunction with a wide range of cameras of 
different focal lengths and apertures, thus forming an instrument that is generally 
of the unsymmetrical type. 


H. Stam™reicu and R. 


Medium and high dispersions are obtained by camera lenses of focal lengths of 
12, 18, 21, 30 and 84 cm and apertures of f/1-9, f/2-8, f/3-5, f/4-5 and f/13, respec- 
tively. The corresponding reciprocal linear dispersions in the spectra are by fre- 
quency approximately 31-5, 23-0, 19-8, 13-7 and 4-9 em~!/mm at 6070 A, this being 
about the position of the chlorine spectrum to be discussed below. At 8000 A the 


reciprocal dispersions are 21-9, 14-6, 12-4, 10-9 and 3-1 em~'/mm, approximately. 

All camera lenses are anastigmatic systems used in ordinary photography and 
especially for telephotographic purposes, except the 84-cm lens which is a simple 
achromat. All air—glass surfaces of the lenses are coated against reflection losses, 
and we have observed that their relative effective speeds are nearly consistent with 
the nominal apertures given above. The satisfactory results obtained by making 
use of photographic camera lenses are chiefly due to the circumstance that the 
focused spectral region in high-resolution work is usually narrow. Moreover since 
the maximum sensitivity of the photographic plates always covers only a restricted 
part of the red and near infra-red region, observations over a broader spectral range 
generally require the use of plates of various sensitizing classes and, therefore, 
various exposures. It is thus unnecessary to bring widely different wavelengths 
simultaneously into focus. The chromatic corrections of all the camera lenses used 
proved to be good enough to photograph a spectral range of 1000 cm~' or more in 
the normal focal plane; the focusing of a larger region requires a slight tilt of the 
plate relative to the optical axis of the instrument. In all cases we found the focal 
surface to be sufficiently plane in the long-wave region to avoid the use of curved 
plates. 

Incidently, the same spectrograph equipped with gratings having 600 or 1200 
grooves/mm is used for Raman work under low or medium dispersions. When 
extreme light power is required we employ cameras of focal lengths of 8-5 or 5-0 em 
having apertures f/1-5 and f/0-8, respectively. The lens of the latter camera is of the 
type intended for cinematographic records of rapid movements on X-ray fluor- 
escent screens, but corrected for use with conjugates at infinity. 

In the 6000-7000 A range the practical resolution attained by means of the 
described spectrograph is approximately 1-5 cm~' for the 12-em camera, 1-0—0-6 
em! for the cameras of focal length from 18 to 30 em and better than 0-3 em~! for 
the 84-cm camera. It would be advantageous to use the latter camera in conjunc- 
tion with a collimator of equivalent focal length in order to avoid the use of very 
narrow slits requiring delicate machine work and adjustment. The effective 
resolving power of the instrument increases markedly towards higher wavelengths. 
The indicated values refer to the resolution of spectral lines of comparable intensity, 
the performance obviously being poorer for lines of widely different strengths. 
The practical resolutions as stated have been determined by photographing the 
spectrum on Kodak spectroscopic plates of the coarse grain emulsion types | and 
103a whose intrinsic resolving power is about 40-50 lines/mm, using slit widths 
consistent with the given limit of resolution. Making use of the 84-cm camera it 
was just possible to resolve clearly the two principal components of the H,-line 
6562-8 A, as shown in Fig. 1. Neglecting the Lamb shift which removes the 
degeneracy of the fine structure levels with identical inner quantum number j, this 
compound doublet consists of five components. The two strongest lines are 
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separated by 0-33 cm~!; due to the unresolved part of the fine structure the free 
spectral space between them is 0-22 em~!, which, furthermore, is narrowed by the 
considerable Doppler broadening of hydrogen lines emitted in a common Geissler 
tube discharge. Hence the practical resolutions given above should be regarded as 
conservative indications. 

Light sources 


Thus far we have studied compounds under high resolution in the liquid state or 
in solution only. The light sources used for the excitation of Raman spectra in the 
long-wave region were those described previously by one of us [5]; in particular the 
helium radiations 5875-62, 6678-15 and 7065-19 A have been frequently applied to 
this purpose. The excitation of Raman spectra in the near infra-red has been car- 
ried out successfully by means of radiations emitted by other noble gases, par- 
ticularly argon [6]. 

The discharge tubes filled with noble gases are of the cold cathode type; the 
section illuminating the Raman tube consists of 3mm Pyrex tubing, about 1 m 
long, which is wound in helicoidal form around the sample tube. Jackets containing 
liquid filters can be inserted between the exciting source and the Raman tube; all 
parts of the arrangement are water cooled. The lamps are powered by a high- 
reactance transformer. The potential drop across the discharge tubes is normally 
1000-2000 V, depending upon the nature and pressure of the noble gas, the diam- 
eter of the tubing, and the current. The latter is usually around 500mA. We 
employ Raman tubes having inner diameters from 3 to 18 mm, the length of the 
illuminated section being 6—10 em. 

For high-resolution work in the near infra-red region, to be reported separately, 
spectra were also successfully excited by the resonance doublet 7800-2/7947-6 A 
emitted by hot cathode rubidium vapour lamps mounted in alight furnace. The 
former line has twice the intensity of the 7947-6 A line; if necessary, the latter can 
be nearly completely suppressed by means of a filter solution of neodymium 
nitrate of suitable thickness and concentration without an appreciable weakening 
of the 7800-2 A radiation. 

Thus far investigations on high-resolution Raman spectra of gaseous compounds 
have not been carried out; however, on the basis of the experience obtained with 
liquids one may predict that such work will be entirely feasible and perhaps less 
difficult than the conventional Raman techniques which were outlined in the intro- 
ductory part of this paper. We refer especially to the fact that high-intensity 
discharge tubes filled with noble gases and provided with cold or hot cathodes can 
be easily constructed for operation with high currents and of any desired length. 
Their durability will compare very favourably with that of high-current mercury 
lamps whose useful life is always limited by blackening of the walls. 

The Raman spectrum of liquid chlorine, to be reported below, was excited by the 
helium radiation 5875-62 A. In high-resolution work it should be remembered that 
this very intense helium line is a compound triplet corresponding to the transitions 
3° D-2° P, and thus possessing six fine structure components. Five of them, namely 


H. 
H. 


STAMMREICH, Spectrochim. Acta 8, 41 (1956). 
STAMMREICH and R. Forneris, J. Chem. Phys. 22, 1624 (1954). 
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the transitions 3°D, , ,-2°P, , lie very close together and cannot be resolved with 
the instrument here described. The remaining component corresponds to the 
transition 3°D,—2°P,, and the frequency intervals between the center of density or 
the nearest fine structure component of the main line and this “‘satellite’’ are about 
0-97 and 0-93 em~!, respectively. A photograph of the yellow helium line taken 
with the 84-em camera is shown in Fig. 2. Since the intensity of the “satellite” 
relative to that of the sum of the unresolved fine structure components forming the 
main line is only one-eight, it will, within the limits of normal exposures, hardly 
excite satellite Raman lines. The fine structure of the line He 7065-19 A arising 
from the 3°S,-2°P,,, transitions is less complicated, but for our practical 
purpose still identical with that of the yellow line since the interval between main 
line and “‘satellite”’ is in both cases given by the separation of the 2°P, , and 2°P, 
levels. The intensity ratio of main line to satellite is here also 8:1. The line 
6678-15 A belongs to the singlet system of orthohelium and therefore possesses no 
fine structure. 
Vibrational Raman spectrum of liquid chlorine 

Making use of the described spectrograph equipped with cameras of focal 
lengths 18, 21 or 30cm, we photographed the vibrational Raman spectrum of 
liquid chlorine excited by He 5875-62 A. The observed frequencies. their in- 
tensities. and assignments are listed in Table 1. 


Table 1. Observed Raman spectrum of liquid Cl, and assignment 


frequencies (cm~*) 


Transitions 

Species 
AG 

1/2 


548-4 | 
(100)* 
540-9 0-1 
(67) 
533-4 0-1 
(11) 


* Data referring to calculated approximate relative intensities. 


We observed the Raman shifts corresponding to the fundamental vibrations 
(AG, ,) of the three isotopic species *°Cl,. *°CI®’*Cl and *7Cl, as well as those of the 
transitions between the lowest excited states (AG, ,). One might call the latter 
ones “hot” or “upper stage” bands, but these terms are commonly used to charac- 
terize difference bands of polyatomic molecules of the type », vy, —¥»,; the 
frequency difference of such a band relative to the parent band v-originates from the 
coupling between the two vibrations », and vy, Obviously, as such combinations 
cannot occur in diatomic molecules, the bands observed in the present case involve 
one single set of vibrational levels and may be written 2», — v,. Their displacement 
from the parent line », arises from the decrease in the spacing of the energy levels 
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AG, 2 
(9) 
535-7 0-1 52 
(6) 
528-2 0-2 5-2 
‘ly (1) 


J —e 
5875 618 A 


He ] lem! 


5875.960 A 
3D 


Fig. 3. Raman spectrum of liquid chlorine excited by He 5875-62 A, Grating, 2160 grooves 

fmm. blaze 6000) A, first order. Collimator, f/4-5. s0em. Camera. f/4-5, f 30 

em, Slit width, 0-3 em Reciprocal dispersion, 13-7 em Plate. Kodak 1038a C. 
Exposure, 40 min, 


— 
Fig. |. Fig. 2. 
7 Cr CrCl’ Cl’ 

i | 
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of the anharmonic oscillator towards higher quantum numbers. In default of a 
better designation we shall refer to such displacements as anharmonicity shifts. To 
our knowledge a shift of this type has been observed, together with numerous upper 
stage bands, in only one case, namely, in the vibrational Raman spectrum of 
gaseous CS, reported by Stoicuerr [3,7]. 

The relative intensities of the fundamental bands as well as those of the corre- 
sponding anharmonicity shifts belonging to the three molecular species *C\,, 
CEC] and *’Cl, are determined by their isotopic abundance ratio which is in 
natural chlorine approximately 9:6:1. The relative intensities of the transitions 
(}-1 and 1-2 of one and the same isotopic species depend upon the respective popu- 
lations of the ground state and the first excited state, and is given by the Boltzmann 
distribution. 

The value of the Boltzmann factor exp —(hev,/kt) for y, ~ 540 em~! and sample 
temperatures between 300 and 320°K is 1/11 to 1/12. From the isotopic abundance 
ratio and the Boltzmann factor we estimated the relative intensities of the observed 
Raman shifts as listed in Table 1. The scattering factor (vy, vy )4/(v, v,)* that 
takes into account the fourth power law may, of course, be neglected in the present 
case; since the Raman displacements », and y, fall very close together its value is 
practically unity. The relative intensities thus calculated are in good agreement 
with the observed values based upon the photographic density of the lines and 
comparison of exposure times required to produce lines of equal density on the 
plate. 

Due to the widely different intensities of the Raman bands, accurate frequency 
measurements of them all required a series of plates taken with different linear 
dispersions, and exposures ranging from 2 min to 5 hr, the lower limit referring to 
the recording of the fundamental shifts of *°Cl, and *°CI°"Cl by making use of the 
I8-cm camera. However the frequency values listed in Table 1 were obtained 
through measurements of spectra taken under higher dispersion, with the exception 
of the weakest band found at 528-2 em~'. Fig. 3 shows a spectrum taken with the 
30-cm camera and exposure time of 40 min in order to determine the frequencies of 
the lines assigned to AG, ,(*7Cl,) and AG,,,(°°C"Cl). In this way the values of the 
three fundamental quanta and of AG, ,(°5CI"Cl) were obtained with an accuracy 
better than @lem~'. The result is less satisfactory with regard to the bands 
corresponding to the transitions AG, ,(®°Cl,) and AG,,,(°7Cl,). The small interval 
hetween the former shift and the band AG, ,(*5CI®7Cl), and the fact that the latter is 
seven or eight times stronger than the former, made it difficult to record this line 
with sufficient intensity and at the same time well resolved from the stronger band. 
The weakness of AG,,,(°°Cl,) required the use of the 18-cm camera, thus providing a 
spectrum of lower dispersion. The error in the measurement of these two fre- 
quencies is estimated to be less than 0-2 em~'. 

The ratios of the observed isotopic displacements v,/y, were found to be equal, 
within the indicated errors of measurement, to the ratio of the reciprocals of the 
square roots of the reduced masses of the respective species (u,/,)"?, serving thus 
as a check on the accuracy of the data given in Table 1. 


[7] B. P. Sroicnerr, Can. J. Phys. 36, 218 (1958). 
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Discussion 
In contrast to the Raman spectroscopic results reported on light, non-polar 
diatomic molecules such as H,, N, and O,, the fundamental frequencies observed in 
liquid Cl, are considerably lower than the values for the gaseous state obtained 


through the analysis of band spectra and by (less accurate) Raman measurements 
carried out by SaLa and the writers [8]. The magnitude of the change of frequency 
is about 7-5em~! or 1-5 per cent of the fundamental. We reported previously a 
still larger decrease for liquid bromine whose Raman frequency was found to be 
306-1 em~! [6], as compared with the value of 322 cm~' expected for the free 
molecule, the magnitude of the shift here being 5 per cent. The pronounced changes 
of frequency are certainly due to the intermolecular forces operating between the 
non-polar diatomic halogens in the liquid state which arise from the high polariza- 
bility of these molecules and, possibly, in part from interactions of their quadrupole 
moments. 

The appearance of the anharmonicity shifts leads directly to values of the first 
order anharmonic constant of Cl,. Neglecting cubic and higher terms whose 
effects are unobservable—and certainly negligible—in the present case, the term 
values of the anharmonic oscillator are given by* 


G(v) = wv + 1/2) — w2,(v + 1/2) 
and, under the same assumption, we have the relationships 
o, and 
The frequency of a transition between two successive levels is therefore 


4 € 
whereas the second difference, that is the separation in frequency of two bands 
corresponding to the single transitions between three successive levels, has the 
constant value 


2.0+3/2 


In the Raman spectrum of chlorine the transitions 0-1 and 1-2 (AG, , and AG, ,) 
were observed; the separations between these for three isotopic species are listed in 
the last column of Table 1. They are twice the value of the first-order anharmonic 
constant of the molecule in the liquid state. As pointed out above the most 
reliable measurements were made for the species *°Cl°‘Cl. The frequency difference 


! corresponding to an 


of the two bands, measured on different plates, is 5-2 em 
anharmonic constant of 2-6 em~!. On one and the same plate the separation of the 
lines corresponding to AG, ,(°7Cl,) and AG, ,(®°CP7Cl) was found to be 2-3 em=~!,. 
Assuming the latter value to be of best accuracy and calculating the frequency of 
AG, .°CP*Cl) from the mass effect we obtain 
1/2A®G, liq.) = 2-6, + 0-05 
* The notation follows G. HerzBere [9], pp. 92-95. 
8| H. StammreicH, Osw. Sava and R. Fornertis, Anais acad. brasil. cienc, 25, 375 (1953). 


%| G. HerzBere, Molecular Spectra and Molecular Structure Vol. I, Diatomic Molecules p. 501, et seq. 
Van Nostrand, New York (1950). 
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On the basis of this value 
gas) as obtained through the analysis of band spectra of Cl,§, we calculated the 
vibrational constants for the electronic ground state of the three isotopic species 
in the gaseous state which are listed in Table 2. 


and assuming the value of 556-9 em~! for AG, ,(°°C1,, 


Table 2. Vibrational constants of Cl, (gas) (em™!) 


Species AG, e 


556-9, * 
2 0 

350370] 549 2-6, + 0-05 554 6. 

37("], 541 6,7 


* Value taken from band spectral data. 
* Values calculated from* and mass effect. 
* From values reported in this work, 


The values of AG, ,(gas) were obtained from the frequency of the fundamental 
hand of species *°Cl,(gas), assumed as above, taking into account the isotopic mass 
effect; the same correction was applied to the second difference AG, 5 
liq.) in order to obtain the corresponding values for the remaining molecules. 
Assuming x, to be the same for the isotopic species we corrected the values 
9.3 9(liq.) by the factor »(gas)/r(liq.) and obtained in this way the anharmonic 
constants given in Table 2. The effect of this correction upon m,x, is but 0-04 em~! 
and thus smaller than the error of measurement. 

The value of m,x7,(Cl,) as listed in all spectroscopic tables on diatomic mole- 


. . . . 
cules is 4-0 em~', being considerably higher than that reported here. It seems that 
the former datum goes back to a study on the absorption band spectrum of chlorine 


carried out by ELtiorr [10] using in part results reported by previous authors. 
ELLIoTT’s determinations refer to band origins whereas the earlier measurements 
were of band heads; for the electronic ground state the levels were observed only 
up tov = 3. The vibrational constants were chosen in order to fit the nearly linear 
part of a curve obtained by plotting the mentioned combined data against the 


vibrational quantum number. 

It is well known, however, that a plot of this kind may depart considerably from 
linearity, even for the lower vibrational levels. Usually such a curve may be 
roughly divided into an initial part possessing a “positive curvature” which becomes 
“negative” towards higher quantum number{11]. AG is a linear function of » when 
all vibrational levels can be correctly represented by the quadratic expression 
MoV — MoXtgv*, where v = 0 refers to the vibrational ground state of the molecule 
possessing the zero point energy 1/2«, l/4m,x,. Under this assumption the 
dissociation energy of the molecule is related to the vibrational constants by the 


simple expression 


» 


4m x, 


§ References given in all spectroscopic tables on diatomic molecules. 


10} A. Extiiorr, Proc. Roy. Soc. (London) A 127, 638 (1930). 
11} A. G. Gaynor, Dissociation Energies. John Wiley, New York (1947). 
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Due to the departure from linearity of the AG function the calculation of 
dissociation energies by means of the above expressions nearly always yields values 
which are too high, the same being the case when the anharmonic constant is 
calculated from known values of D, and w,. In the following Table 3 we show the 
results of the latter calculation for a number of diatomic halogens and interhalogens 
whose D), values are reliably known. 


Table 3. Values of anharmonic constants as observed and calculated from Dy 


De w,«,(cale.) wv, (obs. ) 


Molecule 0 
(keal/mole) (em!) (em 


1) w,x,(cale.) 
57-08 564-9 4-0 3-92 1-020 
C1, 57-08 562-32 2-702 3-90 0-692 
Br, 45-44 323-2 1-07 1-62 0-660 
— 35-55 214-6 0-613 0-92 0-666 
1c] 49-63 384-2 1-465 2-10 0-698 
[Br 41-89 268-4 0-78 1-22 0-641 


* Values taken from Gaypon’s table | 11}. 

* Values taken from Herzpera’s Table 39 

* Values reported in this work. 

It is seen that the values of m,x, calculated in this way are, for all the given 
molecules, about 50 per cent higher than the spectroscopically observed values, 
except for Cl, when the above-mentioned value of 4-0 cm~! is employed. In this 
case the ratio w,x,(obs.)/w,x,(eale.) is very near unity pointing to the fact that this 
value originates from a linear extrapolation to the convergence limit of a band 


progression. Since the same ratio for all other halogens is almost exactly two-thirds 
it may be concluded that the shape of the AG curves is similar. Hence the effect of 
its departure from linearity upon the calculated values of ,7,, as verified for the 
listed species, corroborates in our opinion the value of 2-7 em~' for chlorine. 
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(Received 6 March 1961) 


Abstract—The infra-red spectra of thirteen biogenic amine hydrochlorides in aqueous solution 
in the region 6-45 uw (1550 em) to 11-0 « (909 em) are presented and discussed. These thirteen 


compounds exhibit characteristic spectra which would permit their differentiation from one 


another and from the amino acids from which they are derived by decarboxylation. 


Introduction 
Ix two previous publications from this laboratory [1, 2], the infra-red spectra 
of amino acids in aqueous solution were presented, and, where possible, these 
spectra were compared with the solid state (KBr pellets or Nujol mull) spectra. 
As a continuation of these studies, it was of interest to observe the infra-red spectra 
in aqueous medium of the biologically important amines derived from these acids 
by decarboxylation. These amine compounds have been called the “biogenic 


3] who described them as “‘niedermolekulare organische 


amines’ by GUGGENHEIM 
Basen, die beim Ablauf der Lebensvorgange von Tieren, Pflanzen und Mikroor- 


ganism entstehen’’. 


Experimental 
The experimental conditions were the same as in the previous work [1, 2]. The barium 
fluoride cell had a thickness of 0-049 mm. The spectrum of water exhibits a ‘“window’’ between 
6-45 uw (1550 em!) and 11-00 « (909 em=) which allows the spectra of compounds which absorb 


in this region to be recorded. 


The thirteen compounds used, their commercial sources, purity, and the amino acids from 


which they were derived by decarboxylation are given in Table 1. The ionic state of these 


thirteen compounds is the same as one finds for the amino acids in water, i.e. the amino group is 


protonated. In addition, any influence the carboxyl group might have had on the spectra is 


effectively removed. 


Results 

The infra-red spectra of amines in aqueous solution show the same general 
characteristics as do the infra-red spectra of amino acids in aqueous solution. The 
spectral curves show fewer bands and the bands present are broader than one 
finds in the solid state (KBr) or in organic solution spectra. 


* This investigation was supported by Public Health Service grants RG-6476 and in part by A-3627 


from the National Institutes of Health, Public Health Service. 
+ With the technical assistance of Pav BuRKOWSKY 
{l] F. 8S. Parker and D. M. Krrscuensaum, Nature 187, (1960). 
|2) F. S. Parker and D. M. Kirscnensaum, Spectrochim. Acta 16, 910 (1960). 
[3] M. Guecennem, Die biogenen Amine p. 1. S. Karger A. G. Verlag, Basel (1951). 
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Table 1. 


Biogenic amines 


Amine . HC] 


Methylamine 


Related amino acid Source * 


Glycine 


Ethylami 
Valamine 


ne 


Leucamine 


Threamine 


B-Mercaptoethylamine 


Prolamine 


Histamine* 


Tryptami 
Tyramine 
8-Phenyvle 


Cadaveri 


‘thvlamine 


1e7 


Putrescine* 


Alanine 
Valine 
Leucine 
Threonine 
(Cysteine 
Proline 
Histidine 
Tryptophane 
Tyrosine 
Phenylalanine 
Lysine 
Ornithine 


Fist 
B 


( Evans Chemetics, 


Mar 
Mar 
Mar 


rer, 

Inc. 98-4 
Labs.. purified. 
Labs., C. P. 

in Res Labs., assayed 


in Res 


in Re s 


California Foundation Biochem. Res., Purified. 


per cent. 


+ These are present in solution as the dihydrochlorides. 


Table 2. 


The absorption bands ot the biogenic amine hydrochlorides in aCpUeous solution 


ompound 


Methvlamine 7 
Ethvlamine 7 
Valamine 


Leucamine 


Threamine 
Prolamine 

Putrescine* 
Cadaverine* 


8-Phenvlet hvlamine 


Tyramine 


(1456), 7-17 


7-57 (1321), 7-75 


(1515). 6-86 


+60 (1515), 6-82 


Wavelength (frequency) 


45-8400 (1550 


95 (1258) 


17 (1395), 7-5 (1333, shoulder) 


7.98 


17 (1395), 7-28 (1374) 
5 (1333, inflexion) 

23 (1383), 7-32 (1366) 
22 (1385), 7-48 (1337) 


32 (1366, shoulder) 
50 (1333, shoulder) 


(1200) 
(1250) 
16 (1397), 7-52 
85 (1274) 
18 (1393), 7-55 


(1330) 


(1325) 
(1458) 
23 (1383), 7-38 (1355 
55 (1325) 


(1466) 


7°33 (1364) 


Tryptamine 


Histamine * 


(1460), 
+60 (1515). 


7-50 (1333) 
7°20 (1389) 


38 (1355). 59 (1318) 


1250 


1395). 


8-O1-11-00 (1248-909-1 em!) 


8°37 (1195), 9-66 (1035) 

10-35 (966-4, shoulder) 

8-68 (1152), 9-5 (1053. shoulder) 
9-78 (1022, shoulder), 10-03 (997-3) 
8-60 (1163), 9-20 (1087), 9-82 (LOLS) 
8-57 (1167, shoulder), 9-10 (1099) 
9-60 (1042, shoulder), 9-90 (LOLO) 
8-06 (1241), 8-4 (1190), 85 (1176), 
9-2 (1087), 9-57 (1045) 

8-46 (1182), 9-8 (L020) 


5 (1176), 9-05 (1105) 
‘5 (1176) 


8-04 (1244), 8-70 (1149, 
-4 (1064), 9-76 (1025), 


9-O (LIT) 

10-6 (943-4) 
‘LL (1233), 8-52 (1174), 8-96 (1116) 
8-14 (1229), 
8-05 (1242), 
9-22 (1085), 


9-15 (1093) 
8-65 (L156) 
9-26 (LOS8O0) 


* These amines are prese 


monohvdrochloride. 
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To facilitate comparison, the amines examined have been grouped according 
to their structural similarities. Thus, the aliphatic amine hydrochlorides including 
prolamine hydrochloride are in one group (Figs. 1-9) and the aromatic amine 
hydrochlorides are in another group (Figs. 10-13). In addition to the spectra, 
Table 2 summarizes the bands which appear in the infra-red spectra of aqueous 
solutions of the substances studied. 

Examination of the spectra shows that only methylamine.HCl (Fig. 1) and 
prolamine.HCl (Fig. 7) really have distinctive spectra between 6-45 uw (1550 em~') 
and 8-0 4 (1250 em~'). In the region from 8-0 to 11-0 uw one finds a more varied 


ABSORBANCE 


| 
| 
| 


METHYLAMINE HCL 
NH, 


+ 


| 
| 
| 
| 
| 
7 
6 


WAVELENGTH MICRONS 
Fig. 1. Methylamine.HCl, 25% solution. 


spectra response with both the aliphatic and aromatic biogenic amines. This 
response varies from no absorption bands for methylamine.HCl (Fig. 1) to the 
many bands seen in the spectra of /-phenylethylamine.HCl (Fig. 10) and hista- 
mine.2HC! (Fig. 11). 

There is no resemblance between the absorption curves of the amines when 
compared with the absorption curves obtained for the amino acids in aqueous 
solution [1, 2]. It is of interest to note that an aqueous solution of phenol was 
shown to exhibit a strong band at 8-11 « (1235 em~') [4]. This same band can be 
seen in the absorption spectrum of tyramine.HCl (Fig. 12) and can be assigned to 
the phenolic hydroxyl group. A comparison of some of the bands seen in aqueous 
solution with those seen in an infra-red spectrum of the amine or the amine.HC! 
in a KBr pellet is informative. Thus, prolamine as a thin film exhibits an absorption 
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1900 


cu” 


ETHYLAMINE: HCL 


WAVELENGTH MICRONS 


Ethylamine.HCl, 25%, solution. 


Fig. 3. 


WAVELENGTH MICRONS 


Valamine.HCl, ca. 25°,, solution. 
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cu 


"90 


ABSORBANCE 


LEUCAMINE HCL 


WAVELENGTH MICRONS 
Fig. 4. Leucamine.HCl, 25% solution. 


cu 


1600 1$00 1200 1200 noo 


ABSORBANCE 


THREAMINE~- HCL 


T 


WAVELENGTH MICRONS 


Fig. 5. Threamine.HCl, 25%, solution. 


789 


: 
| 
| 
| 
| | | 
| 4 
| | | | | 
| i 
| 
| | | | 
- | 


M. and Frank S. PARKER 


cu" 


1200 


ABSORBANCE 


MERCAPTOETHYLAMINE - 


CH, Cm, 


WAVELENGTH MICRONS 
Fig. 6. §-Mercaptoethylamine.HCl, solution 


cm 
$00 


ABSORBANCE 


PROLAMINE + HCL 


WAVELENGTH MICRONS 


Fig. 7. Prolamine.HCl, over 25°,, solution. 


790 


i. 1400 1300 1100 1000 
| | 
. | | | | | 
Pe. | | | | | | 
ke 
| | 
eo | | | | | 
| | | | 
| | | | 
| | | 
|, 
| | 
V L ‘ 
17 
100 000 950 
| | 
| 
| 
| | 
| 
| 
| 
| 
| | 


The infra-red spectra of aqueous solutions of biogenic amine hydrochlorides 


$00 


ABSORBANCE 


| 
L 


WAVELENGTH MICRONS 


Fig. 8. Putrescine.2HC1, 10°, solution. 


cm" 


1200 


ABSORBANCE 


CADAVERINE: 2 HCL 


WAVELENGTH MICRONS 
Fig. 9. Cadaverine.2HCl, 10%, solution. 
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1200 


100 


ABSORBANCE 


A-PHENYLETHYLAMINE HCL 


WAVELENGTH MICRONS 
Fig. 10. £-Phenylethylamine.HCl, 25°, solution. 
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ABSORBANCE 


| | | 
| HMISTAMINE* 2 HCL | 


| | 
| | | | 
| | | 


| 
. 


+ 


WAVELENGTH MICRONS 


Histamine.2HCl, 40%, solution. 
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cm" 


1600 $00 1400 1300 1200 1100 1000 $50 


ABSORBANCE 


| 
TYRAMINE - HCL 
\- CH, ~ CH, 


‘ 7 


WAVELENGTH MICRONS 


12. Tyramine.HCl, 10°, solution. 


ABSORBANCE 


| 

| 
| 
| 
| 


TRYPTAMINE- HCL 


WAVELENGTH MICRONS 


. 13. Tryptamine.HCl, ca, 4-0% solution. 
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band at 6-85 uw (1460 cem~') (Sadtler no. 1908)*; in the KBr pellet spectrum of 
methylamine.HC! (Sadtler no. 6369) there is a band at 7-95 uw (1258 em~'); in the 
spectrum of ethylamine.HCl (KBr pellet, Sadtler no. 7373) absorption bands are 
found at approximately the same wavelengths as are found for an aqueous solution 
of the amine.HCl. In a KBr pellet spectrum tyramine.HCl (Sadtler no, 10274) 
has, among other bands, a band at 7-3 « (1370 em~') and a strong band at 8-10 4 
(1235 em~!). However, the band seen at 9-65 « (1036 em~') is missing in aqueous 
solution. In the spectrum of a KBr pellet of histamine.2HCl (Sadtler no. 16250) 
the following bands are found: 8-15 (1227 (1136em~'), 915 
(1093 9S (1020 em~") and 10-55 (947-9em~') among others. Thus, 
there is good correspondence between some of the bands seen in the K Br spectrum 
and those seen in the aqueous spectrum; still other bands are completely missing 
from the aqueous spectrum. 
Discussion 

With practice and experience it is possible to use the spectra obtained from 
concentrated aqueous solutions of amine hydrochlorides between 8-0 uv (1250 em~') 
and 11-0 « (909 em~') to differentiate among the thirteen biogenic amines dis- 
cussed, and certainly where the differentiation must be made between any two of 
these amines the task is still easier. Indeed, even though all of the aqueous solutions 
of the four aromatic substituted aliphatic amines exhibit absorption in the vicinity 
of 8-0 « (1250 em~'), the intensity of absorption, the shape of the absorption band 


and its relationship to another band or part of the spectrum is so distinctive as to 
preclude confusing the absorption spectrum of tvramine.HCl for that of any of the 


other amines and vice versa. 

The difficulty does not lie in differentiating among these compounds but 
rather in obtaining the amounts of compounds necessary for spectral examination. 
All the solutions examined were quite concentrated, from 10°, to 25°,, except for 
tryptamine.HCl which was at a concentration of 4°,, prolamine.HCl which was 
at a concentration greater than 25°,, and histamine.2HCl at 40°,. The solution 
to this difficulty lies within the field of infra-red technology. Some method, perhaps 
ordinate expansion, will permit the spectroscopist to overcome the intense ab- 
sorption of water in the infra-red region and thus permit more dilute solutions of 
these biologically important compounds to be spectrophotometrically examined, 
characterized and quantitized by infra-red techniques. 


These are the spectra numbers used by Sadtler Research Laboratories, Philadelphia, Pennsylvania. 
Parker and D. M. Krrscuensaum, J. Phys. Chem. 68, 1342 (1959). 
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The vibrational spectra of p-chlorobenzenethiol 


R. A. Nyquist and J. C. Evans 
Chemical Physics Research Laboratory, The Dow Chemical Company, Midland, Michigan 


(Received 27 Fe bruary 1961) 


Abstract—-The infrared absorption spectra (solution, solid and vapor phases) and the Raman 
spectrum (liquid phase at 70°C) of p-chlorobenzenethiol have been studied. A complete vibra- 


tional assignment has been made and used to calculate the entropy, heat capacity, heat content 


and free energy functions of p-chlorobenzenethiol as an ideal vapor over a range of temperature. 


Introduction 
Stupies of the infrared (to 300 em~') and Raman spectra of p-chlorobenzenethiol 
have enabled a complete vibrational assignment of this molecule. This assignment 


taken with reasonable assumptions about the molecular dimensions, assuming 


essentially that the internal rotation is free, enables the thermodynamic properties 
of the molecule to be calculated. 


Experimental 
The sample of p-chlorobenzenethiol used in this experiment was purified by 
distillation and by zone-melt techniques. 
The infrared spectra were recorded in the vapor state, in solution in CC|,, CS, 
and n-hexane, and in the solid state (solid film) using a grating instrument in the 
3800-450 region with | em~! resolution [1] and in the 450-300 region 


using a CsBr prism instrument (Perkin-Elmer double-pass). The vapor spectrum 
was obtained with a 4-m folded path cell [2]. 

The Raman spectrum of the liquid (70°C) was recorded photoelectrically using 
a Hilger instrument and 4358 A radiation (7 A/mm) filtered through the usual 


rhodamine/nitrate filters. Depolarization measurements were made and corrected 
[3]. 


Results and discussion 
Spectra are reproduced in Figs. | and 2 and the experimental data appear in 
Table 1. 
p-Chlorobenzenethiol has approximately C, symmetry, and the vibrations 


have been so classed, except for the three associated with the S—H group. Previous 
studies on benzenethiol have shown that the internal rotation of the S—H group 


is essentially free [4], and it has been assumed that this is also the case in p- 


chlorobenzenethiol. The twofold axis is the Z-axis, and the X-axis is that per- 
pendicular to the ring [5]; thus, the thirty remaining fundamentals fall into the 


fl] L. W. Herscuer, Spectrochim. Acta 11, 901 (1959). 

J.U. Wuire, J. Opt. Soe, 1m. 32, 285 (1942), 

J.T. and E. B. Witson, Jr., J. Chem. Phys. 6, 124 (1938). D. H. Rank and R. E. Kacarise. 
J. Opt. Soc. Am. 40, 89 (1950). 

[4] D. W. Scorr, W. N. Husparp, J. F. Messerry, I. A. Hossentorr. F. A. Frow and 
G. Wapprneton, J. Am. Chem. Soc. 78, 5463 (1956). 

5) Joint commission for Spectroscopy, J. Chem. Phys. 23, 1997 (1955). 
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Table 1. Infrared and Raman spectra of p-chlorobenzenethiol 


Infrared Raman 
1 1 4, Band 
(em) (cm~*) (em~*) (em~*) Interpretation 
solution solid gas v1 liquid at 70°C 


3141 (6) 


3124 (6) + (A,) 
3078 w 3090 3080 sh (?) | v,; (by) 
3060 (70) P Vy (@,) 
3050 vw v, and v,, (a, and b,) 
3026 w + (A,) or + (Bs) 
2972 vvw + (B,) 
2946 vvw 2942 vvw + + = (By) 
2915 vvw 2915 vvw + M44 (B,) 
2872 vvw "17 + 
2850 vvw Vig + + Vag (A,) 
2819 vw Vig + = 
2800 vvw 2800 + Voq (By) 
2770 vvw + Vo (Bs) 
2671 vvw + (A,) 
2649 2645 vvw + = (Aj) 
2589 w 2579m 2569 (55) P v, S—H stretch 
1956 vvw + Yog (B,) 
1887 w 1895 vw Yes + Vag (By) 
1872 Vg + Yq = (B,) 
1867 vvw + (By) 
1852 vvw Vio + Voy (By) 
1843 vw "ig + (By) 
1771 vw + Veo (B,) 
1758 vvw Vig + = 
1749 vvw + Yog (Bg) Or + Vag 
1738 vvw Vig + Ves (A,) 
1730 vvw Vo, + Yoo (A,) 
1720 vvw Vg + Yoo (B,) 
1641 w 1640 w 1639 (5) D V1, + Yoo (Bs) 
1628 w Veg + Yoo (B,) 
1610 (6) D + = (A,) 
1575w 1575 vw 1573 (100) Dv, and v,, (a, and 
1565 vw + (A,) 
1l505 vvw 1509 vw Vog (Aj) 


148lvs 1482 vs 1485vs A 1476 (4)D vz 


1452 vw 1459 vw Yo, + = (A,) 

1419 w 1427 w Veg Ys, = (A,) 

1397 s 1397 m 1383 (2) D Vig (0g) 

1341 w 1345 w + (A) OF + (By) 
1299 w 1299 vw 1298 (4) D Vig (by) 

1287 vw "10 Yo, = (By) 

1260 vw 1255 vw 

1221 w 1220 vw Yog + = OF + (B,) 
1179m 1179m 1178 (17) P vy (ay 


1105ssh 1102s 


1098 vs 1094s 1102 (85) P 


Ve Viz (Bg) 
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Table 1—(contd.) 


Infrared Raman 
Band 1 
em”? (em *) (em *) Interpretation 


tvpe 
liquid at 70 


sortion solid 


sh vw 1080 sh 

1067 w 1065 w 1067 (25) P 

1035 vw 1036 vw 

1017 vs 1014 vs 1011 (3) | P?) 

1009 sh L005 sh 

95lvvw 951 vw (Ge 

935 vw 939 vw Vox (D, 

915 w 913 m v, S—H bending 


812 vs 812 vs 
775 bsh 791 sh 
748 m 742 m 
692 vww 693 vw 


675 vw 670 vw 


620 vw 
580 vw 


vw 


b, 


\ weak: m medium: s strong: sh shoulder: b broad 
ed: D depolarized 


of Raman bands are on a relative scale, the most intense band being given an intensity 


classes indicated by lla, + 3a, + 6h, 10h, [6]. All but the a,-modes are 


allowed in the infrared, and all are allowed in the Raman spectrum. In the vapor 
spectrum, the b,-modes are expected to show well-defined C-type infrared bands 
while the in-plane modes a, and b, are expected to yield A-type and B-type bands 
respectively [7].* The a,-modes yield polarized Raman bands while the remaining 
modes are depolarized. 


These band characteristics were extremely useful in making the vibrational 


* The axes have been chosen differently in [6], and the axes chosen here just reverse the 6, and 
»,-modes 


6) G. Herzperc, Infrared and Raman Spectra of Polyatomic Molecules p. 134. Van Nostrand, New York 
1945 


7 R. M. Baporr and L. R. Zumwatt, J. Chem. Phys. 6, 711 (1938). 
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629 (11) D Voo 
239 (A)) 
Veg Voy 1,) 
545s 541s 538 A 541 (4) P Vig (G, 
542 sh 539 sh Vig + Veg = (B,) VOL, 
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assignment. Equally valuable were the vibrational assignments of other p- 
disubstituted benzene molecules [8-10]. This study shows that the fundamental 
vibrations of p-chlorobenzenethiol are very similar to those of p-dichlorobenzene 
(see Table 2), excluding the S—H stretching and bending vibrations. 

Following SrosiLskovic and Wuirren’s terminology, there are eleven modes 
in the a, species—two C—H stretching, three ring stretching, one C—C stretching, 
two C—X stretching, two C—H deformations and one ring deformation—and all 
are in-plane vibrations. These assignments are listed in Table 1, and will not be 
discussed further here. 

The three a,-modes are all out-of-plane vibrations, two C—H deformations 
and one skeletal deformation. Two of these modes were observed as very weak 
bands in the infrared in solution, but not in the vapor, and are probably made 
infrared active by solvent perturbations. The first C—H deformation (y,,) i 
observed at 951 cm~'. Support for this assignment may be drawn from Srosis- 
Kovic and WHIFFEN’s [8, 9] observation that this mode plus a b,-mode at 935 em~" 
always gives rise to a strong combination band. The characteristic absorption 


5) 1S 


pattern in the 5—6 ~ region of the spectrum has been well described by Youne et al., 
for p-disubstituted benzene derivatives, as well as for other substituted benzene 
derivatives [11]. The other C—H deformation of this species (v,,) is observed at 
817 cm~ in the Raman and is depolarized. Two different research groups have 
assigned values of 414 and 405 cm~' [8, 10], respectively to an a,-mode in p- 
dichlorobenzene; this is the same mode as the third a,-mode (v,;) observed at 
403 cm~! in p-chlorobenzenethiol. The apparent discrepancy in this assignment 
for p-dichlorobenzene probably arises because in one case the band was observed 
experimentally, and in the other case the mode was assigned using combination 
bands. 

Five of the six out-of-plane },-fundamentals were readily assigned, and again 
shown to be very similar to the fundamental modes of p-dichlorobenzene (see 
Table 2 for assignments). 1, shows a strong C-type infrared band at 812 em~, 
and is the out-of-plane C—H deformation. 3 is the out-of-plane C——X (chlorine 
sulfur) deformation. This mode was not observed in the Raman spectrum and 
the infrared spectrometers available at this time only allowed us to investigate 
the region above 300cm~!. An approximate normal co-ordinate treatment of 
p-dichlorobenzene by ScHeReER [12] predicted that this normal mode should 
appear near 120cm~'. Subsequent study of the far infrared spectrum of p- 
dichlorobenzene by Hunt and Perers {13} has shown that there is a strong broad 
infrared absorption at ~125cm~'; this conclusively fixes the position of the 
B,u-fundamental in this compound. Because of the close similarities between the 
vibrational assignments of the two molecules it is probable that a value near 
120 cm~! is appropriate for this mode in chlorobenzenethiol. Assuming v, to be 


8] A. Srosmnskovic and D. H. Warren, Spectrochim. Acta 12, 47 (1958). 
| A. SvosrsKovic and D. H. Wutrren, Spectrochim. Acta 12, 57 (1958), 

0| E. Pryver, H.C, ALLEN, Jr., and E. D. Trower, J. Research Natl. Bur. Standards 255 (1957). 

1} C. W. Youne, R. B. DUVALL and N. Wrient, Anal. Chem. 23, 709 (1951). 

| J. R. Scnerer. Private communication. (1960). 

3} R. Hunt and W. Perers. Private communication to J. R. Scuerer, (1960), 
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Table 2. Fundamental vibrational frequencies of p-chlorobenzenethiol 
compared with p-dichlorobenzene 


p-chlorobenzenethiol p-Dichlorobenzene [8]}* 


Interpretation 
) 


(em™') (cm 


3060 3072 C—H« stretch 

3050 3050 C-—-H stretch 

1575 1573 C—C stretch 

1481 1475 ring stretch§ 

1178 1169 C—-H deformation 

1098 1106 ring stretch 

1067 1087 ring stretch§ 

1017 1013 C—H deformation 
745 747 ring deformation 
545 546 C—X stretch 
329 405 C—X stretch 


951 951 C—-H deformation 
S17 sil C—H deformation 
403 405 skeleton deformation 


935 934 C—-H deformation 
S12 S16 C—H deformation 
692 689 skeleton deformation 
485 454 skeleton deformation 
293 299 CX deformation 
(122 (125 deformation 


3078 3095 ‘—-H stretch 

3050 3072 stretch 

1575 1573 stretch 

1397 1393 stretch 

1298 1291 ‘—H deformation 
1260 1260 stretch 

1104 1104 deformation 
629 628 ring deformation 
342 351 CX deformation 
221 226°° C—X deformation 


2589 S—-H stretch 
O15 S—H deformation 
H free rotationtt 


122 em~! explains the 527 em~ infrared band as the combination ¥,; + 33, and a 
very weak Raman band near 170 cm~ as the difference tone (v4. — ¥3)- 

The ten b,-fundamentals are in-plane vibrations, and are described in Table 2. 
X (chlorine-sulfur) deformation; the corresponding mode has not been 


SOU 


(on™) 
a 
1 
5 
Ve 
Vy 
Vs 
"ie 
Pu 
"iz 
a "25 
Ve6 
Vee 
b, Voa 
"eo 
"30 
VULe 
17 
"33 196) 
by 15 
"is 
"ig 
Yeo 
"21 
22 
Vey 
Vo 
Vs 
* When classifying as C,.. 
* See text. 
+ See Ref. [13 
> Sex text 
** See Ref. 14}. 
See text 


The vibrational spectra of p-chlorobenzenethiol 


previously assigned in p-dichlorobenzene.* In p-chlorobenzenethiol, a very weak, 
1 


broad band was observed in the Raman spectrum at 221 cm~'!, and was assigned 


to this fundamental. This assignment also allowed us to assign bands at 540. 560. 


1287, 2800 cm~! as combination bands of »,, with other fundamental absorption 


frequencies (see Table 2). 


Thermodynamic functions 


Standard statistical methods based on the harmonic-oscillator rigid-rotator 


approximations were used to calculate the thermodynamic properties of the ideal 


Table 3. Molal thermodynamic properties of p-chlorobenzenethiol in the ideal gaseous state 


(°K) T 


208-15 28-72 87-20 17°28 TO-O1 


300 28-86 87°43 17-35 70-08 

400 36-10 06-75 21-16 75-64 

500 41-98 105-46 24-76 80-70 

H00 46-63 113-55 28-03 85-52 

700 50-34 121-02 30-96 90-06 

53°34 127-95 33-58 94-37 

900 55-82 134-38 35°92 YS-46 

1000 57-88 140-37 38-01 102-36 

7 1100 59-62 145-97 34-00 106-07 
96) 1200 61-09 151-22 41-61 109-61 
1300 62°34 156-16 43-15 113-01 

1400 63-41 160-83 44-54 116-29 

1500 64-34 165-23 45-85 119-38 


cal mole! 


Units are 


vapor at one atmosphere. The bond distances and angles were assumed to be the 
same as in related molecules, benzene |15] and methanethiol [16]; C=C, 1-397 
em~!; C—H, 1-084 A; C—S, 1-818 A; S—H, 1-329 A; C—Cl, 1-69 A[17]; C—S 

H angle, 100° 16’; all other angles, 120°. The symmetry numbers are | for overall 


rotation and 2 for internal rotation for p-chlorobenzenethiol. The product of the 


principal moments of inertia is 2-666 10-42 ¢3 em®, and the reduced moment of 


inertia for internal rotation is 2-933 10-*” 9 em*. Calculated data are given in 
Table 3. 


Acknowledgements—We thank R. B. DuV ALL for supplying us with a pure sample of p-chloro- 
benzenethiol, and J. Wanr for computing the principal moments of inertia for this molecule on 
the Roval McBee LGP-30 computer Thanks are also extended to J. R. ScHerer and JJ. 
OVEREND for showing us their data prior to publication. 


* However, this mode has been observed as a weak band in the Raman spectrum of liquid p-dichloro- 
benzene at 226 em-—' (unpublished work in this laboratory). This has been confirmed recently by two far 


infrared investigations 14}. 


(14) J. Gavew and J. Overenpd. Private communication to J. R. Scuerer, (1960), 
[15] B. P. Srorcuerr, Can. J. Phys. 32, 339 (1954). 
| 16) R. W. Kurs, J. Chem. Phys. 23, 1736 (1955). 
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Raman spectra of solids* 


J. R. Ferrarot, J. 8. Ziomekt and G. Mackt 
(Received 8 March 1961) 


Abstract—The Raman spectra of solid inorganic, organic, biological and polymeric substances 


were obtained with the Cary model 81 spectrophotometer§, using the same optics and source of 


the instrument that are employed for liquid samples. To study the quality of the spectra 
obtained, several types of sample tubes were tried and the effects of crystal size, sample thickness, 
sample position and method of solid preparation were investigated. In all cases studied the 
spectral data were obtained in periods of 1-2 hr, and the results agreed with those reported in 
the literature. 
Introduction 

THERE is great interest in Raman spectroscopy of solid materials. Solid Raman 
spectra are very helpful in studying materials that are generally insoluble or that 
can change in dissolution in solvents (e.g. depolymerization, solute-solvent inter- 
action), such as polymers. In addition, such problems as solid crystal defects, 
solid solutions, surface reactions and solid catalysts can be considerably aided by 
solid Raman studies. 

Most of the Raman work reported in the literature has been done on liquids or 
solutions. In India [1] some work has been done on solids, but generally the field 
has been neglected. This has been due to the extreme difficulty in obtaining solid 
spectra. Many investigators have reported the long exposures necessary, and the 
problems inherent in using photographie plates. In addition, realignment of the 
optics and changing the source in going from liquid operation to solid operation is 
very time-consuming. Toprn |2] has discussed the versatility of using an ideal 
instrument employing the same optical alignment and source for both solids and 
liquids. The availability of a commercial recording Raman spectrophotometer 
has reduced exposure times, and eliminated the problem of photographic plates. 
This paper deals with the study made on obtaining the Raman spectra of solid 
substances using the spectrophotometer as it is used in obtaining liquid spectra. 

Our interest in obtaining solid Raman spectra was motivated by the fact that 
the state of aggregation of several compounds of interest to us was changed on 
dissolution in solvents. We are unaware of any reported solid Raman investi- 
gation using the Cary model 81 spectrophotometer. It is the purpose of this paper 
to discuss the factors involved in obtaining these spectra, and as a result of our 
experiences, to outline the most advantageous operating procedure to be used. 


* Based on work performed under the auspices of the U.S. Atomic Energy Commission. To be presented 
at the 5th Molecular Spectroscopy Conference in Amsterdam, May 29—June 3, 1961. 

+ Argonne National Laboratory. Argonne, Illinois. 

* DePaul University, Chicago, Llinois 

NS) The operating features and design of the Cary model 81 spectrophotometer were presented at the 
Symposium on Molecular Spectroscopy in Columbus, Ohio in 1953 and 1955 by Howarp Cary. 


fl) R. ANANTHAKRISHNAN, Proc. Indian. Acad. Sci, §, 200 (1937) 
2) M. C. Tost, J. Opt. Soc. Am. 49, 850 (1959). 
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Experimental 
All spectra were obtained using a Cary model 81 spectrophotometer. The 
sample tubes of Pyrex glass were 457 mm in length (7 mm and 19 mm in diameter) 
and had a flat Pyrex glass window at one end. The tubes were capable of being 
mounted on one end at the conical slot of the instrument, and held on the other 
end by the tube holder bracket. 


Results and discussion 


The Raman spectra for various classes of solids were obtained. Observed 
aman displacements are presented in Table | and compared with those from the 
literature wherever these are available. In obtaining these spectra the following 
factors, of varying degree of importance, were considered. 


Sample tube 


In the course of this study it was found that the 19-mm Raman tube gave a 
Raman spectrum with less background than the 7-mm tube. If the wall of the 
7-mm tube is masked with tape or black paint from the end of the sample to a 
point about 150 mm up the tube, the background is reduced. Masking was not 
helpful in the case of the 19-mm tube. Other 7-mm tubes were tested, such as a 
rounded, a conical and a tube with a glass lens on the end. None of these tubes 
appeared to offer any improvement over the flat window tube, and in fact were 
less satisfactory. 

The solid sample holding assembly, as manufactured by Applied Physics 
Corporation, can also be used. However, this holder is intended for use with a 
large crystal. The holder can be modified for use with polycrystalline material by 
replacing the solid sample holder with a 15-mm Pyrex glass tube, which will fit 
snugly in the assembly. In addition, the solid sample holder can be used to hold a 
K Br disk of the material of interest with satisfactory results. 


Sample crystal siz 

Various particle sizes of naphthalene for a given volume of sample were con- 
sidered. It was found that the larger the size of the particles the greater the 
intensity (see Fig. 1). Single crystals always gave better spectra. 


Sample thickness 

For a given particle size the effect of the crystalline volume on the spectrum 
of naphthalene was studied. It was found that a 2-mm thickness gave the best 
results when the 7-mm Raman tube was employed. The 3-mm thickness appeared 
to be better than a l-mm thickness, but not as good as the 2-mm thickness (see 
Fig. 2). It must be emphasized that this finding applies to naphthalene, and it is 
quite likely that the sample thickness is related in part to the scattering power of 
the solid, and is therefore different for each solid used. It appears necessary to 
determine experimentally the maximum thickness which gives a satisfactory 


spectrum for each individual solid. 
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Table l (contd.) 


Biological ( ‘ompounds 


Sucrose * Urea 


This paper | This paper 


540 (w) (s) 
637 (vw) S20 (m) 
850 (m) 1016 (vs) 
925 (vw) 1170 (vw) 
950 (vw) 1225 (vw) 
1049 (w) L380 (vw) 
L100 (vw) 1465 (w) 
L130 (w) 1537 (m) 
L175 (w) L580 (vw) 
1237 (w) 1650 (w) 
275 (vw) 3243 (w) 
1350 (w) 3328 (sh) 
1375 (w) B361 (s) 
1430 (vw) 3437 (m) 
1467 (w) 
2912 (m) 
2947 (m) 
2997 (w) 


S012 (ww) 


Range between 500-3200 em~' run, 


= 
4 
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Table 1—(contd.) 


Polymers 


— 


Poly-3-methyl-1-butene Polypropylene Lucite Polystyrene 
This paper [2, 3] This paper This paper |4-6] This paper 
337 (vw) 375 (vw) 230 (vw) 152 (vw) 
395 (vw) 420 (vw) 250 (vw) 196 (w) 
425 (vw) 8O8 (im) 812 (w) 280 (vw) 210 (w) 220 (m) 
410 (w) 
780 (w) L155 (s) 1148 (w) 290 (w) 558 (w) 550 (vw) 
621 (m) 622 (m) 
800 (vw) 1160 (w) 366 (m) 700 (vw) 
722 (vvw) 722 (vw) 
900 (w) 1225 (w) 480 (m) 757 (vw) 752 (w) 
1137 (w) 1333 (s) 1333 (w) 600 (s) 


1225 (m) 1352 (w) 748 (vw) 791 (vvw) 786 (m) 


1270 (w) 1457 (s) 1457 (m) 817 (vs) 833 (vvw) 844 (w) 
1320 (w) 1530 (m) 914 (vw) 908 (vw) 908 (w) 
1375 (w) 2831 (s) 2840 (w) 972 (s) 952 (vw) 947 (vw) 
1388 (w) 2884 (s) 2884 (s) 980 (sh) 999 (vvs) 1000 (vs) 
1470 (m) 2921 (s) 2921 (w) 1070 (w) LOLL (vw) 
1540 (vw) 2968 (s) 2968 (m) 1164 (m) 1031 (m) 1032 (s) 
~ 1760 (vw) 1166 (vw) 1058 (vvw) 1072 (ww) 
wate 1780 (vw) 1195 (w) 1094 (vvw) 1098 (ww) 
17 1900 (vw) 1247 (m) 1110 (w) 
96] 2887 (s) 1334 (m) 1165 (w) 1158 (m) 
2960 (s) 1398 (m) 1177 (vw) 1185 (sh) 
3025 (vw) 1456 (vs) 1200 (m) 1199 (m) 
3040 (vw) 1732 (s) 1269 (vvw) 1280 (vw) 
3110 (vw) 2848 (s) 1298 (w) 
3130 (vw) 2955 (vs) 1326 (vvw) 1328 (w) 
3003 (vs) 1370 (vw) 


1449 (vw) 1450 (w) 
1470 (vvw) 
1588 (vw) 1585 (sh) 
1606 (m) 1604 (vs) 
1634 (vw) 1630 (vw) 
2886 (mw) 2852 (m) 
2933 (w) 2908 (s) 
2978 (w) 
3004 (w) 


3056 (s) 3043 (sh) 
3066 (vw) 3058 (vs) 
3138 (m) 3162 (vw) 


3200 (vw) 


Vs, very strong. 8, strong. m, medium. w, weak. vw, very weak. vvw, very very weak. sh, shoulder 
3) M. C. Tost, J. Phys. Chem. 64, 216 (1960), 

4) A. Pan, J. Phys. & Colloid Chem. 55, 1320 (1951). 

[5) R. Sicner and J. Wetrer, Helv. Chim. Acta 15, 649 (1932). 

6) S. Krima, Fortschr. Hochpolym- Forsch. (Advances in Polymer Sci.) 2, Band 2, 51-172 (1960). 
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Sample position 

The solid sample was generally placed at the end of the sample tube, and 
packed gently with a solid rod so that the sample remained upright. For most 
experiments the position of the solid was at the end of the tube. In the 19-mm 
tube, some experiments were made by placing the sample about 150 mm from the 
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Fig. |. Solid naphthalene spectra illustrating effect of crystal size. 


end of the tube with satisfactory results. This did not help with the 7-mm tube, 
and spectra were less satisfactory than those obtained with the sample at the end. 


Sample preparation 

The solids used were C.P. or Reagent Grade from the Chemistry storeroom 
without further purification. In some cases, single crystals were prepared (e.g. 
bis-(dipheny!)-phosphorie acid). For low-melting solids, some cooled liquid films 
were run. The spectra were adequate, and better than those of fine powders but 
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not as good as those of crystalline material. The use of pressed pellet samples was 
also investigated. Satisfactory spectra were obtained for KBr-naphthalene and 
KBr-KNO, mixtures. These experiments must be approached with caution 
because of pe ssible solid state effects. 

In the case of polystyrene and lucite, which are transparent or nearly so, 7-mm 
and 19mm rods (457 mm in length) of the plastic were placed in the spectro- 


photometer in place of the sample tube, and excellent spectra were obtained. 


Summary 

Several typical solid spectra are shown in Figs. 3-10. It is recommended that 
the 19-mm sample tube be used in obtaining solid spectra with the Cary model 81 
spectrophotometer wherever sufficient solid sample is available. The 19-mm tube 
is more satisfactory than the 7-mm tube because of its lowered background for 
scattered radiation. In addition, the continuum from the Hg source is much 
reduced and Raman scattering from 200-500 em~' can be observed even with 
double slit operation. In cases where the solid can be pressed into a transparent 
rod (e.g. some polymers), the rod can be used directly in place of the sample tube. 
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The A-point transition in NaBH,: the temperature-variation 
of the infra-red absorption bands* 


J. A. A. Kerecvaart andC, J. H. Scuurret 


(Received 10 May 1961) 


Abstract 


The temperature-variation of the infra-red absorption bands of sodium borohydride 


is given in the range 25°C to 180°C. The observed changes are correlated with the phase 
transition which occurs at 63°C. 
Introduction 


THE crystal structures and spectra of the two phases of sodium borohydride were 


reported in an earlier paper [1]. Below the /-point transition [2] the structure is 


tetragonal, the BH,~ ions having point-group symmetry V’,. Above the transition 
temperature the structure is face-centred cubic with tetrahedral BH,~ ions. [3] 
The temperature-variation of the BH, bands in sodium borohydride is given 
g 


in Figs. | and 2. The temperatures given are approximate, as the spectra were 


recorded while the cell was slowly warming up from the temperature of liquid air. 


This warming-up process usually took about 2 hr, i.e. about 3°C for every 2 
min. For further experimental details, see [1] and {4}. 


Discussion 

It has been found experimentally that the same number of bands occur in both 

the stretching and bending regions in the low-temperature NaBH, spectrum as in 

the high-temperature NaBH, spectrum. There is no apparent shift in frequencies. 
4 


Most of the degenerate bands are split in the spectrum of the low-temperature 
modification, which indicates that the environment of the BH,~ ion has changed, 
i.e. that a phase transition has taken place. These changes are discussed theoreti- 
cally in [1] and [2]. 


A. The deformation region 
4 q 


The v, band (deformation) is split into three bands at —180°C, as is shown in 
the upper curve of Fig. 1. The most intense component (at 1123 cm~') is due to 
the £-vibration of "BH, (symmetry V,,) and its !°B-isotope band occurs at 
ca. 1136em~'. (The isotopic splitting, at — 182°C, in the alkali-halide solid solutions 
is 9-10 cm~'[{1].) The broad, weaker shoulder at 1152 em~ is due to the B,-vibra- 
tion of "BH,~ (symmetry V’,); the '°B-component is probably too weak to be 
observed. 


* This work was carried out in the laboratory for General and Inorganic Chemistry, Amsterdam, 
+ Laboratory for Electrochemistry, Amsterdam. 

+ Chemical Physics Group, National Physical and Chemical Research Laboratories, C.S.I.R., Pretoria, 
South Africa. 


1| C. J. H. Scnurre, Spectrochim. Acta 16, 1054 (1960). 

2| H. C. Jonnsron and N. C. Hauer, J. Am. Chem. Soc. 75, 1467 (1953). 
(3) 8S. C. AprRanams and J. Kaunags, J. Chem. Phys. 22, 434 (1954). 

4| C. J. H. Scuurre, Thesis, University of Amsterdam (1960). 
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This B,-£ splitting disappears between —84°C and —74°C, i.e. the two bands 


are fused together at the transition temperature. 

At —66°C a shoulder develops on the low-frequency wing of the band at ca. 
1096 em~', and another one at 1105 em~' at —52°C. These two anomalous bands 
disappear in the temperature-broadening of the main band at higher temperatures. 


Fig. 1. The temperature variation of the stretching-region absorption bands of NaBH,. 
The temperatures given, excepting 25°C and 180°C, are approximate because of poor 
thermal contact between the sample and the cold-block of the cell, 


At room temperature there is only one broad band at 1123 em~! which shows 
no evidence of fine structure (lowest curve in Fig. 2). This band is due to the 
F,-vibration of the tetrahedral ion. 

The variation of the band-width at half height with temperature is given in 
Fig. 3. The temperature region where the width goes through a maximum, does 
not coincide with the A-point temperature, because the thermocouple was imbedded 
in the cold-block of the cell and not in the KBr plate itself. In addition there is 
a considerable temperature lag between the KBr plate and the cold-block of the 
cell during the slow warming-up, because of the poor thermal contact. 

The film scatters much near the transition temperature. Fig. 4 shows the 
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Fig >. The temper rature variation of the bending region absorption bands of NaBH, The 
temperatures given, excepting 25°C and 180 C. are approximate 


The variation of the band-width of the deformation band at half height with 
temperature 
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variation of the maximum absorption at 1123 em~! with temperature. The maxi- 
mum absorption occurs in the same temperature region as the maximum band- 
width. The temperature lag between the thermocouple and the K Br plate is also 
evident here. Nothing is known about the variation in intensity with temperature, 
as no intensity measurements could be done on the spectra of the strongly scatter- 


ing films 


©L 
Temperature, °C 
e Variation of the maximum absorption of the deformation band with temperature, 

4 The stretching reqion 

The B,-£ splitting disappears in the same temperature range as the splitting 
in the bending region, and the same remarks apply here. 

The seattering by the film is much stronger in the high-frequency stretching 
region than in the bending region, especially during the actual transition. 

v¥, ~ ¥, is too broad to show any splitting. There is a spurious shoulder on 


the low frequency side of at 


Conclusion 
The A-point transition at —S83°C can thus definitely be correlated with the 
phase transition between the face-centred tetragonal and the face-centred cubic 


modifications of sodium borohydride. 
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Abstract. Emission line spectra of the elements Hg, Cd, Zn, He, Ne and Rb were used in the 


development of a precise and comprehensive calibration procedure for the fused silica and DF 2 


viass prisins covering the range 0-194 Mu } 2:33 4 and 0-365 mu } 2-33 mu, respectively 


Spectrograms of the emission lines are presented together with expe rimental conditions ne cessary 


to reproduce them, the photon energy and vacuum wavelength of each identified line, as well as 


other pertinent information. Since the emission lines are very narrow and their wavelength 


values are accurately known, the precision of the method is determined only by the exper imental 


uncertainty in obtaining the corresponding spectrometer drum readings. Data are reported for 


233 lines observed with the fused silica prism and for 341 lines with the DF-2 glass prism. The 


observations were made with a Perkin-Elmer Model 13-U single-pass spectrometer using Osram 


spectral lamps. The detectors used were the RCA photomultiplier type 7200 for the ultraviolet 


and visible regions, the type 1P21 for the visible region (in which it has a better S/N ratio than 


the 7200), and the PbS photoconductive detector for the near infrared. A discussion of experi 


mental aspects is presented including details on spectrometer arrangements and problems of 


technique, In addition, a procedure was developed to provide a definitive and precise method 


for plotting the final calibration curves in terms of photon energy versus spectrometer drum 


reading, based on a modification and extension of the empirical relationship of McKINNEY and 
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FRIEDEL. A detailed description of the adaptation and the application of this procedure is given, 


together with the modified equation and typical values of its constants pertinent to each prism 


Introduction 


IX RECENT years, the growing interest in the application of spectrometric 


techniques for the elucidation of problems in solid-state physics has resulted in the 


greatly increased utilization of such measurements in the near-infrared, visible 


and ultraviolet regions of the spectrum. In these spectral regions, rapid surveys 
as well as measurements of relatively high precision concerning the optical 


properties of semiconductors and of paramagnetic ions as an impurity in single 
crystals of MgO, Al,O, and similar materials can be made by the use of a small 
spectrometer equipped with either a glass or a fused silica prism. Spectrometers 


normally used in the infrared region can be readily adapted for such measurements, 


but require a calibration of high precision in order to make significant a correlation 
between theory and the experimental data. As an example of the importance of 
this requirement, the absorption coefficient of most semiconductors near their 


“absorption edge” changes by several orders of magnitude over a very narrow 


range of wavelengths in contrast to the corresponding characteristics of molecular 


vibration absorption bands. The need for a high-precision calibration demands 
large dispersion, and therefore dictates the choice of the prism materials mentioned. 
Glass has a larger dispersion than any other prism material in the near infrared, and 
its dispersion in the visible region is extremely high. For the ultraviolet region where 


glass is opaque, fused silica provides good transmission and the high dispersion 


* Operated with support from the U.S. Army, Navy and Air Force. 
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necessary. In the past, research with prism spectrometers in the near infrared had 
been limited mainly to a study of the overtone and combination bands due to 
molecular vibrations, for which a calibration of high precision was not as important. 
Although there is ample reliable spectroscopic data in the literature from which 
such a precise calibration could be assembled, no systematic procedure is readily 
available for these regions, such as the one for the infrared region beyond 2 4 
developed by Downte et al. [1] (DMPC) using a small prism spectrometer. The 
feasibility of developing such a method is enhanced by the occurrence in these 


regions of accurately known emission lines of elements, and the availability of 


small spectral lamps and sensitive detectors together with their associated power 
supplies. The mechanical precision of the spectrometer is also an important aspect 
of the problem, but most commercial instruments are probably satisfactory in this 
respect. The underlying motive for this paper is to present a calibration procedure 
developed to satisfy the high-precision requirement, including spectrograms of the 
emission lines together with accurate values for them upon which the calibration 
is based. Also included are discussions of experimental techniques and precautions, 
the relative merits and useful ranges of various detectors, and the development of 
a precise interpolation method for plotting the calibration curve. 


General considerations 
In the development of a calibration procedure for the fused silica and dense 
flint glass prisms, it is necessary to assemble a collection of accurately known 
wavelengths extending over the most useful range of each, namely 0-19-0-40 yu 
and 0-35-2-35 uw, respectively. Since these ranges overlap, the values required 
must span the ultraviolet, visible and near-infrared regions. In the near-infrared 
region it is possible to utilize absorption spectra of organic molecules, but few of 


these possess useful fundamental vibration bands below 2-5 4. The relatively 


weak overtone and combination bands could be used, but these absorptions do not 


have maxima as sharply defined as those of emission lines. In previous publications 
giving calibration data for the near-infrared region, the number of emission lines 
recommended was not extensive, and they were used in conjunction with absorption 
bands. For example, PLyLer and Perrers {2} published twenty-three prism 
calibration points covering the range 0-54—2-50 uw, of which seventeen were mercury 
emission lines and the remainder were absorption bands of trichlorobenzene. 
Subsequently, Treron and PLyLer [3] recommended six additional lines of the 
mercury and cadmium spectra for prism calibration purposes in the range 0-40 

0-65 u. Later, Acguista and PLYLER [4] listed twenty-four additional points in 
the range 0-54-2-50 u of which nine were emission lines of krypton and the re- 
mainder were absorption bands of didymium glass, polystyrene and carbon 
disulphide. Since it is desirable to avoid the use of absorption bands for the 
reasons mentioned above, as well as the possible difficulty in obtaining and/or the 
inconvenience of preparing purified samples in a suitable form, the decision was 
made to develop the present calibration procedure by the use of emission lines of 
1} A. R. Downte, M. C. Macoonr, T. Purcent and B. Crawrorp, Jr., J. Opt. Soc. Am. 48, 941 (1953). 
2) K. Pryver and C. W. Perers, J. Research Natl. Bur. Standards 4§, 462 (1950). 


L. W. Tivron and E. K. Pryier. J. Research Natl. Bur. Standards 43, 25 (1951). 
Acevistra and E. K. Pryver, J. Research Natl. Bur. Standards 49, 13 (1952). 
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elements exclusively. Small discharge lamps designed specifically for generating 
these lines with adequate intensity and good spectral purity are readily available 


and inexpensive. Excellent spectral lamps are made by the Osram Co. (Germany) 
and have the convenience of using the same prefocused socket and power supply. 
Furthermore, the power supply required is easily assembled or obtained.* 
Although the great majority of the known emission lines of elements occur in 
the visible and ultraviolet regions, many such lines occur in the near-infrared 


region from 2-35-0-75 uw. In particular, a very useful paper on the emission 


spectra of the noble gases covering the region 1-05 u 2 < 1:30 uw was published 
many years ago by Mreacers |5]. The more recent publications by Sirrner and 
Peck [6] and by Humpnreys and Kosrkowski [7] dealing with these spectra 


extended the range investigated to 2-2 4. The emission spectrum of mercury was 


also extensively studied by many researchers, including the early work of SuGa 


et al. |8]| in the range 0-67 uw < 2 1-37 uw. Subsequently, the work of HUMPHREYS 
[9] provided additional data for the range 1:3 4 <2 < 2-04. Emission-line 


values greater than 1-0 « for the other elements used in the present work are 
reported in the recent paper by Fisner ef al. [10], in the much earlier extensive 
compilation by Kayser—Rirscuy [11], and in the Handbook of Chemistry and 
Physics {12}. For wavelengths below 1-0 ~ extending to 0-20 4, the monumental 
compilation of the 1/./.7'. Tables |13] is an authoritative source of values for the 
emission lines of elements. The vacuum wavelengths of two lines in the mercury 
spectrum just below 0-2 yw are available from the recent tabulation by Ketty [14]. 


Although the values in the above references were obtained with grating dispersion 
and most are reported to at least six significant figures, only four need be retained, 
since prism dispersion by comparison severely limits the available resolving power. 


In spite of this, a preliminary spectral survey using the available lamps indicated 


that the intensities and separations of a large number of emission lines were 


sufficiently great so that they appeared well defined and could therefore be used 


for purposes of prism calibration. In those cases where two or three emission lines 


were not resolvable, an average value could be used, provided they were reported 


to have nearly identical intensities. 
Although the references above provide an ample collection of emission-line 


* The spectral lamps may be obtained from Edmund Scientific Co., Barrington, N.J., or the Ealing 

Corporation, Cambridge, Mass., and power supplies for them from the latter. For constructing a power 

supply, refer to the section on spectrometer arrangement and Fig. 2. The lamps available include Cd, Cs, 

He, Hg, Hg/Cd, K, Na, Ne, Rb, Tl, Zn and HgS. Similar spectral lamps are manufactured by Philips 

(Netherlands) and can be obtained from the Philips Export Co., New York, N.Y. The lamp types avail 

able are the sare as those made by Osram, and in addition, Ar, Kr, Xe and In. 

[5] W. F. Meccers, J. Research Natl. Bur. Standards 14, 487 (1935). 

[6] W. R. Srrrver and E. R, Peck, J. Opt. Soc. Am. 39, 474 (1949). 

|7] C. J. HompnHreys and H. J. Kosrkowsk1, J. Research Natl. Bur. Standards 49, 73 (1952). 

[8] T. Suga, M. Kamiyama and T. Sueurra, Sci. Papers Inst. Phys. Chem. Research ( Tokyo) 34, 32 (1937). 

{9} C. J. Humpureys, J. Opt. Soc. Am. 48, 1027 (1953). 

{[10| R. A. Fisner, W. C. Knorr, Jr. and F. E. Kixney, Astrophys. J. 180, 683 (1959). 

[11] H. Kayser and R. Rirscuy, Tabelle der Hauptlinien der Linienspektren Aller Elemente. Springer, 
Berlin (1939). 

[12] Handbook of Chemistry and Physics. (41st Ed.) pp. 2900-2905, Chemical Rubber Publishing Co., 
Cleveland, Ohio (1956). 

[13] M.JI.7. Wavelength Tables. Wiley, New York (1956). 

[14] R. L. KELLY, Vacuum Ultraviolet Emission Lines. University of California, Lawrence Radiation 

Laboratory, UCRL—5612 (1959) 
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data, it is necessary to devise a method for assigning the proper wavelength value 
to as many observed spectral lines as possible. A very accurate technique for 
positive line identification is to measure the wavelength of the lines from the various 


spectral lamps with a high-dispersion grating spectrograph and to use these 


measurements as a means of correlating each line observed in the prism spectra 
with the appropriate value from the references.* This method permits positive 
assignments to be based not only on the correspondence between the prism and 
grating spectra and the close agreement between the grating and reference wave- 
length values, but also on a comparison of relative line intensities observed with 
each instrument with the intensities reported in the references. For wavelength 
regions in which this technique cannot be applied, e.g. where photographic plates 
are insensitive, the more intense and isolated lines of the various lamps are first 
identified. As the number of assignments increases, further identifications can be 
based on all those already made so that the task becomes progressively easier. 
For purposes of spectrometric research in solid-state physics, it is much more 
convenient to develop the calibrations with the emission-line values expressed in 
terms of photon energy in electron volts, & (eV), since this unit is almost exclusively 


preferred in this field. For example, the differences between the energy levels of 


electrons and “holes” in the band structure model of semiconductors is universally 
reported in electron volts. However, in many instances, physical properties such 
as the “absorption edge’ of a semiconductor are more usefully expressed in terms 
of wavelength, so that it is beneficial to report the corresponding vacuum values 
of the emission lines in units of A... (a). The latter may also be more convenient to 
spectroscopists working in other fields. Since all the emission-line values in the 
references are reported as wavelength in air (except for 2 < 0-20 mw), the necessary 
correction to vacuum can be made by using the table of refractive indexes » of air 


given by Pennporr {15}. The curve in Fig. | shows the wavelength dependence of 


the refractive index for standard air based on this table (interpol..ved for ¢ 25°C), 
covering the range 0-20-1-40 4. The inset table of Fig. | gives the refractive 
indexes of air appropriate for wavelength values within the regions of interest. 
For wavelengths greater than 1-03 « and extending into the infrared, the index 
remains 1-000264 to the indicated number of significant figures. The con- 
version relationships between /,,.. (u) and & (eV) is given by [16] 


var 


vac (ut) * (eV) 1-23977 (1) 


"Var 
and between /,,.. and the wavenumber (em~!), by 


Avance (em~) 10,000 (2 

The next step in the procedure involves tabulating the spectrometer drum 
reading 7 for each spectral line identified versus the corresponding wavelength 
value obtained from the appropriate reference. The tabulation is then extended 
by correcting the wavelength to vacuum in the manner previously described, and 
then converting to photon energy by means of equation (1). The final step is to 

*In the present work, such measurements were made photographically with a Jarrell—Ash high- 
resolution emission spectrograph. We are grateful to E. B. Owens of our Laboratory for making the 
grating spectrograph available and for assisting us with the measurements. 


15|} R. Pennporr, J. Opt. Soc. Am. 47, 176 (1957). 
16) American Institute of Physics Handbook Sect. 7, p. 4. MeGraw-Hill, New York (1957). 
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plot T versus &, using co-ordinate scales having the appropriate least-count values. 
and to draw the best smooth curve through the points. 
An alternative method for preparing the plot has been developed in the present 


31 


WAVE LENGTH n 


0.200 0.2144 1.00031 
0.214<d < 0.238 1.00030 
0.238 <\ 0,280 1.00029 
0.280 < 0.373 1.00028 
0.373 1.030 1.00027 | 


1.030 <A 1.00026 


oO 


(n-1) x 40° 


@ 


40 


b) .60 70 .80 -90 1.00 
1.20 


(microns) 


Fig. 1. Index of refraction of standard air plotted from the calculated values of PENNDORF 
15|. The curves show the wavelength dependence of n from 0-20-1-40 4 interpolated for 
25°C 


work as an adaptation and extension of the one by McKinney and FRigEpDEL [17]. 
Like their original method, which is related to the theoretical prism dispersion, it 


retains the distinct advantages of being more definitive, yielding a more precise 


calibration plot, and enabling a dependable curve to be drawn in spectral regions 


where data is sparse. A mathematical function containing empirical constants is 
established between 7. and &, and selected data points distributed over the entire 


range of interest are used to determine the best values of these constants. The final 


equation permits a value of 7’ to be calculated and then plotted for any value of é 
within the range. More details of the method are presented in a later section of 


this work. 


17] D. 8. McKouyney and R. A. Friepet, J. Opt. Soc. Am. 38, 222 (1948). 


823 


|_| 
| 
\ | | | 
= 
| | | 
| | | : 
| | | 
— 
| 
17 | | 
b 
| | | 
| 7 
.20 .30 .50 60 
4 


SoLomon ZWERDLING and Joun THERIAULT 


Experimental aspects 
Spectrometer arrangements 

The prism spectrometer used for measuring the emission lines in the present 
work was a Perkin-Elmer Model 13-U instrument, operated in the single-beam 
mode. The instrument was equipped with a PbS photoconductive detector 
mounted within the monochromator housing and RCA types 1P21 and 7200 photo- 
multiplier detectors mounted externally in separate interchangeable housings 
coupled to the monochromator base. It was possible to divert the exit-slit beam 
from the photomultiplier to the PbS detector by inserting a diagonal mirror in the 
beam with an external control. This provided a rapid means of interchanging 
detectors so that each could be used conveniently in the wavelength range of its 
maximum sensitivity. 

Each Osram spectral lamp was mounted base up, to the right and in front of 
the source spherical mirror. A simple power supply for use with 110 V a.c. was 
constructed for these lamps, consisting of a variable autotransformer, a step-up 
ballast transformer and an ammeter connected as shown in Fig. 2. The variable 
autotransformer and ammeter were used to adjust the lamp current to the value 
specified by the manufacturer for each lamp, as shown in the figure. A comparison 
of the emission-line characteristics of the G.E. H100—-A4 and the Osram mercury 
spectral lamp indicated that the latter was preferable for calibration purposes 
because it produced narrower lines although of somewhat lower intensity than the 
former. The decreased line width is a result of lower operating pressure and has 
the advantage of reducing the overlap of closely spaced lines, thus increasing the 
apparent resolving power of the spectrometer. 


Detectors 

At present, there exists no one detector which has adequate response over all 
three spectral regions of interest. Since the detector chosen for a particular range 
is generally the one providing the maximum S/N ratio, a determination of the 
ranges of best performance for suitable detectors is necessary so that the proper 
interchanges may be made when scanning the spectrum. The two classes of 
detectors which are readily available and have the best response in the three spectral 
regions are photomultipliers and photoconductors such as the PbS detector. For 
the ultraviolet region, the RCA type 7200 photomultiplier is the best choice, since 
it was designed primarily for this region and is equipped with a fused quartz 
envelope. When used in accordance with the manufacturer's recommendations 
| 18], the best response of this detector occurs in the wavelength range 0-18 uw < 2 
0-65 u, with peak response at 2 = 0-33 uw as given in Table 1. Outside this range, 
its response decreases quite rapidly, but sufficient sensitivity remains for detection 
at longer wavelengths to at least 0-71 yw. 

The RCA type 1P21 photomultiplier is preferred for the visible region because 
of its high S/N ratio. This detector has a glass envelope, which precludes its use in 
the ultraviolet and contributes to the short-wavelength response cut-off for / 
0-30 u. When used as recommended, optimum response occurs in the range 
0-30 u <— 2 < 0-75 uw, with the peak response at 2 = 0-40 4. The response of the 


[18} RCA Tube Handbook H B-3, Vols. 3 and 4. Electron Tube Division, Radio Corporation of America, 
Harrison, N.J. 
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1 P21 is given in Table 1, together with the ratio of its S/N value to that of the type 
7200 for selected wavelengths in the range 0-30—-0-65 yu. To compute each ratio in 
the right-hand column of this table, the appropriate response values were first 
divided by their respective noise figures [18]. From Table 1, it is evident that the 
type 7200 provides the better S/N ratio for 2 < 0-32 uw, but the 1P21 is preferred 
for the range 0-32 u <2 < 0-65 yw, since its S/N ratio exceeds that of the type 
7200 by factors ranging from | to somewhat more than 4. 


GEN. RADIO CO 
TYPE W5 VARIAC 


POWER 
SWITCH 
) GEN. ELEC. CO. 
| FUSE 
NS VAC | A 
60 cps) PLIGHT FUSE 
| LINE | 2A 
NEUTRAL a 
INTERNAL CONNECTION 


+ 


OPERATING 
| CURRENT | OSRAM fy | 
Cd 1.5 AMP SPECTRAL, . 
Cs 1.5 LAMP |< 
He 1.3 
Hg 1,2 
Hg/Cd 1.4 
K 15 
Na 1,3 
Ne 15 
Rb 15 
TI Ke) 
Zn 1,5 
4 


Fig. 2. Circuit diagram of the power supply for use with the Osram spectral lamps. The 
necessary components are indicated, and the inset table gives the recommended operating 


current for each type of lamp. 


In the near-infrared region, a room-temperature PbS detector was employed 
exclusively, since this type has a sensitivity there surpassing all others. The 


performance of the particular detector used* was very satisfactory in the range 
2-3-1-0 uw, but continued to decrease progressively with decreasing wavelength. 
For 4 < 0-71—0-65 uw, its performance became inferior to that of the 1P21, but 
still remained superior to the type 7200 until the range 0-60—0-65 4 was reached. 
Consequently, in order to choose the detector providing the best S/N ratio at any 
wavelength within the three spectral regions of interest, the selections should be: 


(1) the 7200 photomultiplier for 0-18 w < 4 < 0-32 u 


(2) the 1P21 photomultiplier for 0-32 4 < 4 < 0-65-0-71 u 


(3) the PbS detector for 0-65—-0-71 a 2-33 u 


* The PbS detector used was made by Infrared Industries, Inc., Waltham, Mass., and was furnished 
with a housing whose shape and dimensions permitted interchangeable mounting with a standard 
Perkin-Elmer thermocouple. It could be used directly with the spectrometric system after making the 
necessary slight circuit modifications in the P—# switching preamplifier unit. 
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Precautions 

In order to achieve the optimum performance of the detectors discussed above, 
close attention to their operational characteristics pertaining to radiation response 
is essential, All these detectors are saturable, particularly the photomultipliers, 
so that the level of irradiation must be restrained by means of the spectrometer slits 
to avoid not only reaching the saturation limit, but even approaching the region 


Table | tesponse characteristics of RCA 
type 7200 and 1P21 photomultipliers* 


Response (“#A/uW S/N [1P21) 


S/N [7200] 
7200) IP2) N [7200 


1S 
41-36 
5 33 
4-55 
533 
33 0-08 
6-31 0-96 
6-50 1-42 
6-24 1-73 
2.52 
351 3. 314 
2-08 5-66 4-08 
1-4 4-31 
0-59 2-06 
O33 : 1-09 


Spectral-response 
characteristic S.4 
Peak response for standard 65,000 80.800 
operating conditions uA/uW at uA uW at 
0-33 } 0-40 
Equivalent noise input 7-5 5-0 19-8 
lm Im 


Values obtained or derived from Re A Tube Handbook Is 


of nonlinear response. The optimum slit width is determined by first setting the 
system response time constant to a value appropriate to the spectral scanning rate 
and, with the slits closed, adjusting the amplifier gain as high as possible consistent 
with an acceptable noise level. 

Another problem in using a sensitive saturable detector, particularly a photo- 


multiplier, is to prevent undispersed or otherwise false radiation from reaching it. 


Such radiation can cause spurious signals, nonlinear response, and/or saturation 
effects. Even if the false radiation is very weak and unchopped, its presence could 
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produce additional detector noise, thus reducing the effective S/N ratio. Con- 
sequently, it is essential that the detector enclosure be completely light-tight to 
the ambient radiation. 

In recording the emission lines for calibration purposes, the spectral scanning 
rate and the system response time constant appropriate to this rate should be set 
and maintained at the same values most likely to be employed for later experi- 
mental measurements. A change in the setting of the response time constant 
may be desirable in order to record the emission lines with optimum resolution or 
to retain a tolerable noise level, when a moderate change in the normal amplifier 
gain appears necessary. However, such changes in time constant are to be avoided 
whenever possible, since they would produce a small systematic shift in the drum 
values of the lines recorded with the changed settings. If the spectrometer is to 
be used only for rapid surveys or for relatively low precision measurements, a fast 
scanning rate may be adopted, e.g. 2 min per revolution of the drum on a Perkin 
Elmer instrument. For high-precision work, a much slower rate is required, giving 
results corresponding to an average of many more measurements and therefore, 
more reliable. For improving the precision at any scanning rate, the spectral 
measurements should be repeated several times and the data averaged. The 
spectra reported in this paper were obtained with a scanning rate of 8 min per 
drum revolution, which is considered adequate for good precision. The correspond- 
ing recorder-chart speed, quite satisfactory for the purpose, was 2-5 in/min. 
Using recorder-chart paper with least-count co-ordinate rulings of 0-1 in., this 
chart speed coupled with the scanning rate used permitted the determination of 
the position of an emission-line maximum on the chart to +0-02 in., or +0-001 
unit of spectrometer drum revolution. However, by repeating the measurements 
of drum value for a number of selected emission lines, the standard deviation of 
any one such determination was found to be + 0-0025 drum revolution. 


Fused silica prism 

Before mounting the Osram spectral lamps for the calibration of the fused 
silica prism, a hole must be cut in the protective glass envelope in order to prevent 
the emerging ultraviolet radiation from being absorbed by the glass. The hole can 
be made conveniently by means of a glass-cutting saw. For generating the emission 
lines of mercury in the ultraviolet, Osram provides a mercury lamp, designated 
(HgS), which has such a hole in the envelope at the appropriate place. However, 
in the ultraviolet (as well as the other two regions), a comparison of the spectro- 
grams obtained with this lamp versus those of an Osram Hg lamp prepared as 
above, indicated that the line intensities of the latter were |—2 orders of magnitude 
greater. The much greater intensity is very advantageous in recording weak 
emission lines with high resolution. Setting the Littrow mirror so that the fiducial 
mercury green line occurs at a spectrometer drum reading of 5-85 was found to be 
appropriate, since wavelengths in all three regions from 0-19 w <4 < 2°33 4 
thereby occurs within the revolution limits of the drum. 

Although the best S/N ratio is obtained by using the three detectorsin their appro- 
priate wavelength range, it was found adequate, time-saving, and more convenient 
for the calibration of this prism to use only the type 7200 photomultiplier 
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and the PbS detectors in the rapid interchange arrangement previously described. 
The former detector was used in the wavelength range from 0-19 to 0-71 ma, and 
the latter from 0-60 to 2°33 yu. 

Of the twelve different Osram spectral lamps,* the three providing the largest 
number of well-distributed emission lines, particularly for the ultraviolet region, 
also proved to be completely adequate for the calibration of the fused silica prism. 
An attempt to positively correlate some of the unidentified lines of the three lamps 
with the Il-spectrum of the elements was inconclusive except for all the lines 
designated “persistent” in the literature [13, 14]. The spectrograms obtained with 
this prism are shown in Figs. 3-16. The spectrometer slit width S and the detector 
type D are given above the drum range for each spectrogram of a figure. Wave- 
length values for emission lines between 0-20—1-00 4 were taken from the MJ.7’. 
Tables {13}, and sources of other values are specifically indicated. For each lamp, 
the lines identified are shown numbered in the order of decreasing photon energy, 
and the corresponding vacuum wavelengths and other pertinent information are 
given in the associated caption. The three lamps used were the following: 

(a) Mercury spectral lamp. The Hg lamp contributed more to the calibration 


than the other three. A total of 109 useful lines was identified in the range 0-19 u 


i < 2-33 » and they are shown in the spectrograms of Figs. 3-8. In the range from 
2-00 to 0-19 w, there are no I-spectrum lines listed, but the two persistent II- 
spectrum lines reported were observed [14]. 

(b) Cadmium spectral lamp. This lamp furnished the next largest number of 
useful emission lines, totalling seventy-two within the range 0-21 4 < 4 1-65 ym. 
All of the designated lines except five persistent ones from the Il-spectrum were 
correlated with reported values from the I-spectrum. The spectrograms obtained 
are shown in Figs. 9-13. However, the lamp used produced a number of lines not 
associated with the Cd spectrum. 

(c) Zine spectral lamp. The Zn lamp supplied fifty-two additional emission 
lines. ranging from 0-20 4 <4 <0-7l yu. No attempt was made to utilize the 
spectrum beyond this upper limit because the remaining near-infrared region of 
interest is amply covered by lines from the other two lamps, whereas the lines 
from the Zn lamp occurring there are relatively weak. Furthermore, the type 
7200 photomultiplier can be used for the few lines occurring somewhat above its 
normal response limit of 0-65 4, so that the need for the PbS detector was obviated. 

The zine spectral lamp contained enough argon as a starting gas to produce 
argon emission lines of sufficient intensity to render them useful for calibration 
purposes. Indeed, almost one half of the lines identified in the range given are 
from the argon spectrum. With the exception of four persistent lines from the 
II-spectrum of zine, all the lines were correlated with reported values from the 
I-spectrum. The spectrograms obtained are shown in Figs. 14-16. However, the 
lamp used contained traces of cadmium and sodium in addition to other un- 
identified elements. 

The tabulated data from all three lamps are used for plotting the calibration 
curve in the manner described at the end of the following section, or in the succeed- 
ing section on the McK1InNeyY—FRIEDEL interpolation. 


* See footnote p. S21. 
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Calibration of prism spectrometers in the ultraviolet, visible and near-infrared regions 


MERCURY SPECTRAL LAMP 
S 004mm S 040mm 
D 7200 


7 8 18 


Fig. 3. Calibration trace for fused silica prism, 6-40—2-10 eV. 


No. (eV) Avac No. E€(eV)  Avac No. & (eV) Avac 


It} G6 3831* 0-19423 39 0-31265 60 30395 0-40789 


latt 62808* 0-19739 40 37092 033424 62 28438 0-43595 
34 4-1770 029681 47 3-3955 0-36512 71¢ 2-2697* 0-54622 
36 41020 030223 48 3-3834 0-36643 2-1482 O-57711 
39577 031326 59 3-0629* 040477 7477 21404 =0-57922 


* In all tables to figures, values marked with an asterisk are recommended for the McKInnEy-— 
FRIEDEL [17] interpolation. 

* Persistent line from II spectrum (singly ionized atom). 

t Value from data of {14}. 

§ Average of two unresolved lines of the lamp element. 

© Hg green line. 

tt Component of the doublet Hg yellow lines. 


MERCURY SPECTRAL LAMP 
S$ 037mm S 009mm 
D Pbs 


T T T 


2 3 4 5 3 a 


Fig. 4. Calibration trace for fused silica prism, 2-05-0-50 eV. 


No. (eV) No. (eV) Aves (4) No. (eV) (9) 


2-0410 0-60743 S3t 61-3401 0-92510 954 0-91336 1-3574 
77 2-0241 0-61249 S4 1-2598 0-98407 0-90646*  1-3677 
78 11-9881 062361 11-2415 0-99858 974 O-88845 1-3954 
79 11-8454 (-67180 S6§ 1-2223* 1-0143 0-81032* 11-5300 
sO) 61-7944" 69090 S7§ 1-1567 L-O718 0-7 1085 1-7441 
SI 11-7501 070838 88§ 11-1089 1-1180 29-9505 
82. 1-6037* 0-77306 89§ 1-0982* 1-1289 0-53303* 2-3259 


+ Average of two unresolved lines of the lamp element. 
t Average of three unresolved lines of the lamp element. 

§ Value from the data of SuGa et al. {8 

© Value from the data of Humpureys [9}. 

++ Value from the data of Kayser and Rirscut {11}. 

tt Value from the data of the Handbook of Chemistry and Physics {12}. 
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MERCURY SPECTRAL LAMP 
S 017mm 
D 7200 


12 


Fig. 5. Calibration trace for fused silica prism, 6-05—4-45 eV. 


Avac No. 4 (eV) Avac (ut) 
va vac 


60372 0-20536 52843 23461 
0-225904 5 2685* 023532 
53838 0-23028 52207 23747 
53349 023239 ht 4-9919 0- 24836 
52953 023413 j 48863 025373 


& (eV) 


4-6734* 
4-6705 
45918 
45024 
4-491) 


Avac 


026528 
26544 
27000 
(27536 
27605 


* Average of three unresolved lines of the lamp element. 
~ Average of two unresolved lines of the lamp element. 
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O17mm 
D 7200 
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Calibration trace for fused silica prism, 5-30-4-05 eV. 


No. (eV) Avac No. 


(23532 17 25770 27 
(23790 Is 25942 28 
024004 19 2 26039 30 
0-24476 26260 31 
50200" ©-24648 2 26407 3 


S008 24704 2 26758 37 


é (eV) 


44911 
44407 
43382 
4-1224 
41-0631 


Avac (4) 


27605 
(27918 
0- 28208 
28578 
30074 


30513 


+ D 7200 D 7200 
{6 8 
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Calibration of prism spectrometers in the ultraviolet, visible and near-infrared regions 


MERCURY SPECTRAL LAMP 
S 014mm 
D 7200 


T if T 
6 7 8 9 10 1 


Fig. 7. Calibration trace for fused silica prism, 4°55-2-45 eV. 


No. (eV) Avac (M4) No. (eV) Avac No. (eV) Avac 


4-5024 027536 334-2367 0-29262 50 3-3460 0-37052 
27 44911 0-27605 42 3-6561 033910 57 3-1728 0-39075 
29+ 44202 0-28048 44 3-4982* 0-35441 64 2-5212 0-49174 
32 4°2833* 0-28944 49 3-3680 036810 65 24987 0-49617 


Average of two unresolved lines of the lamp element. 


MERCURY SPECTRAL LAMP 


S 018mm 


4 
T 
5 6 7 8 


Fig. 8. Calibration trace for fused silica prism, 3-70—0-60 eV. 


No. (eV) No. €(eV) Ava No. (eV) (m4) 


3-6983 *33522 61 30171 041092 927 1-189] 
42 3-6561 0-33910 63 2-5345 0-48916 93+ 1-0268 1-2075 


43 33-5168 035253 65 2:4987 049617 94> 0-93826 1-3213 
44 3-4982* 0-35441 66 2-4662 0-50270 97* O-S88845 1-3954 
45 34804 035622 67 24564 0-50472 99t 0-73253* 1-6925 
46 34491 O-35945 68 24205 0-51219 100, 0-72598 1-7077 
51 33036 0-37528 69 2:3312 O-53181 =0-72440 1-7114 
52 32837 O-37755 70 2:3102 0-53665 1025) 0-72066 1-7203 
53. 3-2701* 0-37913 72 2:1837 0-56774 0-71523 1-7334 
543-2602 O-38027 75 2-1042 0-58918 O-71085 1-744] 
55 32445 0-38212 88t 1-1089 1-1180 =0-68363* 1-8135 
563-2101 038621 90F 10605 11-1690 0-62916* 1-9705 
58 O-39849 91+ 1-0532 1-1772 


+ Value from data of SuGa et al. {8}. 
t Value from data of Humpureys [9]. 
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CADMIUM SPECTRAL LAMP 
S 015mm 
0 7200 
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Fig. 9. Calibration trace for fused silica prism, 5-80—2-40 eV. 


E(eV) dvac (4) No. (eV) Avac E(eV) Avac 


O21450 39 64-1583 0-29815 3-5750 0-34679 
54719" 0-22657 41 4-0230* 0-30817 34317 036127 
5-4160* 0-22887 42 3-9558 0-31340 2-6494* 0-46794 
4:4843* 0-27647 43 38107 0-32534 5 2-5822 048012 
43689 (28377 44 3-8007* 0-32620 2-4370* 050872 
4-3024 O- 28816 45 3-6415* 0-34046 


+ Persistent line from II spectrum (singly ionized atom). 
+ Average of two unresolved lines of the lamp element. 


CADMIUM SPECTRAL LAMP 
Fig. 10. Calibration trace for fused S 060mm S 050mm 
silica prism, 1-20-0-75 eV. D Pos D Pbs 
No. El(eV) Avac 


O397 
3982 
-4331 
4478 


657 1-1924 
l 
l 
l 
O-S3468 1-4853 
l 
l 
l 


Het O-88606 
67t O-S6508 


Hat 
Tor “5159 
57 l 5 


7it 
727 «4640-75313 


+ Value from data of Kayser and Rrrscut {| 11). 
+t Average of two unresolved lines of the lamp 
element 


S$ 008mm 008mm O17 mm 019mm 
0 7200 D 7200 D 7200 D 7200 
44 5 | 
57 45 43 a 84 _4 
6 8 9 = 16 
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Calibration of prism spectrometers in the ultraviolet, visible and near-infrared regions 


CADMIUM SPECTRAL LAMP 
S .015mm S 054mm 


D 7200 


T T 
12 13 
Fig. 11. Calibration trace for fused silica prism, 5-65-4-45 eV. 


No. (eV) No. (eV) Avac (4) No. é (eV) Avac 
2 56474 021953 17 48764 025424 20 4$-6587 0-26612 
3 55334 22405 Is 48705 025454 30 4-6287* 0-26784 
6 53732 023073 20 $8304 025666 31 45691 (27134 
7+ 53588 023135 21+ 48168 025738 32 4-5336 027347 
5-32090* 0©-23300 22 48034 25810 337 $-5093 027494 
i2 4-9752 24919 25 41-7630 026029 34 $-4843* 0-27647 
15 4-9078 0-25261 28 44-6956 0-26403 35 4-4663 (27759 
16 025346 


* Persistent line from II spectrum (singly ionized atom). 


CADMIUM SPECTRAL 


10 il 12 13 


Fig. 12. Calibration trace for fused silica prism, 5-05—4-00 eV. 


No. (eV)  Avac No. (eV) Avac (1) No. (eV) Avac 


50426 0-24586 48537 025543 27 «44-7086 0-26330 
lO 50214 024690 2 48168 0-25738 37 64-3212 028691 
ll 50073 O-24759 23 4:°7945 25858 40 4-1240 030063 
13) 4-9398 025008 24 #4-7814 0-25929 $1 4-0230* 0©-30817 


49207 25105 17143 0-26298 


| D 7200 
16 
| 29 6 
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Fig. 13. 
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Calibration , 55-1-90 eV, 


(eV) 


3-5412 
33961 
33521 
32821 
32459 


A. ac 
O-35010 
36506 
369085 
O-37773 


No. (eV) 
39062 
43080 
(44142 


61 
627 
63 
64 


2-2138 
?-O301 
1-9595 
1-9250* 


0-56003 
0-61070 
0-63269 
064402 


>’ Average of two unresolved lines of the lamp element. 


ZINC SPECTRAL LAMP 
S 015mm 
D 7200 


S .018mm 
D 7200 
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Fig. 14 
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Calibration trace for fused silica prism, 6-15-2-55 eV. 


old 


(gs 


20261 
20025 
21302 


30748 


Avac No. (eV) 
(32832 
33035 


33462 


2-6483 
2-6247 


2-5765 


Avac 
O-46814 
47234 
48118 


from Il spectrum 


singly ionized atom 
ed lines of the lamp element 


. D 7200 D 7200 
56 55 
60 51 \ 
\ 54 3 50 
61 5 | 
63 l \ 52 | | | 
| 
§ 6 | 6 7 8 8 
No. No. (eV) Avac 
47 53 3-1739 
49 54 33-1128 
55 62-8778 
56 2-8086* 
52 OO 2-4045 
VC L 
17 
196: 
47 
- 
| | 
| 
45 
24 
2 A 
/ 
24 3-770 
2+ 25 37529 
4 26 37050 4, 
223 
+ Persistent lin 
S34 


Calibration of prism spectrometers in the ultraviolet, visible and near-infrared regions 


ZINC SPECTRAL LAMP 
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D 7200 
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Fig. 15. Calibration trace for fused silica prism, 5-05—4-05 eV. 


E(eV)  Avac No. (eV) Avac No. F(eV) Avac (mM) 


50312 024642 4-8229 0-25706 17 
6 49981 024805 4:7993* 025832 18t 

4-9746 024922 4°7512 0-26094 19 
St 49537 0-25027 46411 0-26713 20 ‘10630-30192 
49265 O-25165 4-6175 0-26849 21 “OB: 0-30366 
10+ 4°8453 025587 j 4-5693 0-27133 


+ Persistent line from IT spectrum (singly ionized atom). 
t Average of two unresolved lines of the lamp element. 


ZINC SPECTRAL LAMP 
S$ .020mm S 015mm 
D 7200 


50 
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Fig. 16. Calibration trace for fused silica prism, 5-95-1-75 eV 


El(eV) Avac No. €& (eV) Avac No. Avac (Mt) 


59084 020983 3-0646 0-40455 2: 042983 
32620 35§ 22-9784 0-41625 3h 28595 0-43356 
35553 36% 2-9638 0-41830 4 2-7477 O-45119 
35687 37¢ 2-9574 0-41922 O-51834 
36075 38§ 2-9514 042006 9Tt 2 33) 
36346 39% 29099 042605 0-63641 
36509 2-9052 0-42674 513 7794 0-69673 
38357 29012 0-42733 52¢ ‘7538 0-70691 
039493 


* Cadmium tnpurity 

t Argon line (starting gas). 

§ Average of two argon lines (starting gas). 

© Average of one argon (starting gas) and two zinc lines. 
++ Average of the two sodium D-lines (impurity). 
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DF-2 Glass prism 
For calibrating the dense flint prism, the spectral lamps can be used as furnished. 
The Littrow mirror is set so that the fiducial Hg green line occurs at a spectrometer 
drum reading of 10-00, because the total wavelength range of the prism then lies 


within the revolution limits of the drum. The detectors used were the 1P2! 


photomultiplier for 0-35 a } 71 4 and the PbS detector for 0-65 u A 


if 


Of the available lamps,* six were sufficient to provide an ample number of 
well-distributed lines for precise calibration of this prism. The spectrograms 
obtained, and the associated pertinent information as for the fused silica prism, 
are shown in Figs. 17-36. In addition, the emission lines of two other lamps (K and 
('s) were recorded as an aid in line identification, and since thei spectrograms are 
also useful for othe purposes they are presented in the Appendix as Figs, 30—45. 
None of the spectral lines from any lamp could be correlated with a value from the 
Il-spectrum of the corresponding element, including those designated “persistent 
The six lamps selected were the following 

a) Mercury spectral lamp. Again for this prism, the Hg lamp contributed more 
to the calibration than the others \ total of seventy-five useful lines were 
identified in the range 0-36 4 < 7 2-33 « and are shown in the spectrograms of 
Figs. 17-20 

b) eon spectral lamp. This lamp furnished a total of eighty-eight useful lines 
from (45 u j l-l6 4, and thei spectrograms are shown in Figs. 21-23 
Although the number of lines identified is larger than for any other lamp, more 
than S85 per cent of them are concentrated in the range 0-45 u } O75u. The 
occurrence of some weak unidentified lines at wavelengths not listed for the neon 
spectrum indicated traces of one or more impurities in the lamp used. 

c) Helium 8 pet tral lamp The He lamp contributed to the calibration a total 
of thirty-one emission lines in the range of 0-36 u A 2-06 uw. The spectrograms 
for this lamp are shown in Figs. 24-27. The lamp used contained traces of im- 
purities, but only argon was identified from the spectral data 

ad) Zine spect al law p. Since this lamp contained not only Zn. but also argon 


asa starting 


as, it produced useful emission lines from the spectra of both elements. 
Indeed, of the seventy-two lines identified in the region 0-39 a , 1-70 ma, 
only sixteen were from the zine spectrum. The argon concentration was larger in 
this lamp than in any other where it was used for the same purpose. Nevertheless, 
only its fairly strong lines were detectable, and their average intensity was con- 
siderably smaller than that of the two noble-gas lamps. Spectrograms showing 
the zine and argon lines are presented in Figs. 28-30. The lamp used contained 
traces of impurities, one of which was sodium. 

(e) Cadmium spectral lamp. From the spectral data taken with the Cd lamp, 
thirty-two lines were identified in the range 0-36 4 < 7 1-65 4. The spectro- 
grams of the lines are shown in Figs. 31-33. The appearance of other lines which 
could not be identified with the cadmium spectrum confirmed the presence of 
impurities. 

(f) Rubidium spectral lamp. The Rb lamp furnished a total of forty-three 
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Calibration of prism spectrometers in the ultraviolet, visible and near-infrared regions 


useful lines in the range 0-35 u <2 < 1-53 #, a8 shown in the spectrograms 


of Figs. 34-36. Among the impurities present in the lamp, traces of potassium, 


cesium and mercury were identified from the spectral data. 
The calibration data from all these lamps are conveniently arranged in the 
order of decreasing photon energy. This tabulation and the corresponding one for 


the fused silica prism are used for plotting the respective calibration curves. Each 


curve is prepared in overlapping sections, with 0-002 or 0-0025 unit of drum 


reading as the abscissa least-count value. Photon energies are plotted on the 


ordinate scale with least-count values selected so that the resulting curve will 


have everywhere an apparent slope ranging from 35° to 55°. Typical least-count 
energy values of the plot for the DF-2 glass prism are 0-0002 or 0-0004 eV. and, 
for the fused silica prism, 0-0005 eV. The total number of line values given in 
this paper for the calibration of the former is 341. and. for the latter, 233. For 
the most part, these are adequate for drawing the curves by means of an appro- 
priate drafting device. However, a better alternative procedure for plotting the 


calibration curves is to begin with the more precise and definitive method of 
McKinney and Friepe [17], and by a suitable adaptation, to extend it to the 
three spectral regions studied. The original method provides the means for 


deducing calibration points by mathematical interpolation in those ranges where 
data points are sparse. A detailed description of the adaptation and application 


of the method is presented in the following section. 


MERCURY SPECTRAL LAMP 
S 006mm .003 mm S 004mm S 004mm 
PbS D D D {P21 D 1P24 


a 10 15 17 22 


Calibration trace for DF-—2 glass prism, 3-40-0-80 eV, 


eV) ve No f€ieV) (8) 


0-36512 22 2-8438* 0-43595 1-0982 1-1289 
2 3-3912 36559 30¢ 2-2697* 0-54622 0-91336 1-3574 
3 33834 (36643 21482 0-57711 63° 0-90646 1-3677 
16 306290" 040477 21404 0-57922 64° O88845 1-3954 
17 3-0305 (40789 465 1-2223* 1-0143 65° O810382 11-5300 


+ Hg green line 
> Compon nt of the doublet Hg vellow lines. 
§ Value from data of Suca et al. {8 

© Value from data of Humrureys [9 
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MERCURY SPECTRAL LAMP 
013mm 
{P24 
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Fig. 18. Calibration trace for DF-—2 glass prism, 3-40—2-85 eV. 


(eV) Avac No. (eV) Avac No. 
3-3680 0-36810 3 2701* 37913 14 3-17: 39075 
33460 037052 3-2602 0-38027 3- 39849 
3-3036 0-37528 3-2445 0-38212 Is 3 (41092 
33005 037563 2 32101 0-38621 19 2-873 (43143 
32837 O-37755 3-1830 O-38949 


VC L 
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MERCURY SPECTRAL LAMP 


S .013 mm 
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9 10 4 


Fig. 19. Calibration trace for DF-—2 glass prism, 2-90—1-75 eV. 


No. (eV) Avac (m) No. (eV) Avac 


20 043404 2-3312 O-S53181 360 24410 -0-60743 
| 28500 (43487 2 23102 0O-53665 37) 061249 
23 2-5212° 0-49174 29 2:2928 0-54072 38 0-62361 
24 2-4987 49617 q 2-1837 ©0-56774 39) «#18454 O-67180 
25 22-4662 0-50270 2-1153 O-5S8610 40 11-7944 0©-69090 
26 22-4564 0-50472 35 2-1042 ©-58918 41 11-7501 ©O-70838 
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Calibration of prism spectrometers in the ultraviolet, visible and near-infrared regions 


MERCURY SPECTRAL LAMP 
S .010mm S 016mm 
D Pbs D PbS 


66 


3 A 
Fig. 20. Calibration trace for DF-—2 glass prism, 1-65—0-50 eV. 


No. (eV) Avac No. E(eV) No. (eV) 


42 ‘6037 0-77306 
437 0-92510 55§ 1-0312 
44 ‘2598 0-98407 1-0268* *2075 0-72066 
45% ‘2415 0-99858 57§ 11-0219 -2132 0-71523 


1-1979 0-72598 

l 

47§ 1L-O718 58" 0-93826 1-3213 0-7 1085 
l 

l 


-2023 0-72440 


48§ 1-1089 1-1180 59" 0-92313 ‘3430 2 0-68363 * 
5O§ 11-0786 11-1495 60" 0-92026 +3472 : 0-62916* 
5I§ 11-0605 61° 0-91773 3509 055088 * 
52§ 11-0532 1/1772 66 0°73253* 1-6925 053303 * 
53§ 1-0426 1-1891 


+ Average of two unresolved lines of the lamp element. 
¢ Average of three unresolved lines of the lamp element. 
§ Value from data of SuGa et al. {8}. 
© Value from data of HumpHrReys 
Value from data of Kayser and Rrrscut {11}. 
tt Value from data of the Handbook of Chemistry and Physics {12}. 


(eV) Avac (44) 


-1178 0-58541 

“1072 0-58835 

“O849 0-59464 

‘0743 0-59767 

“0554 0-603 16 

‘O404 0-60760 

NEON SPECTRAL LAMP 

9935 062190 D PbS D 

‘9779 0-62682 

“9659 0-63065 

“9567 0-63361 

“9418 0-63847 

“9359 0-64040 

9049 0-65083 

‘8972 0-65346 

“8782 0-66007 

0-66801 

8452 0-67189 

7886 0-69313 

7625* 0-70343 

‘7277 0-71759 

072471 T 

7 

+ Average of two unresolved Fig. 21. Calibration trace for DF-—2 glass prism, 
lines of the lamp element. 2-15-1-70 eV. 
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NEON SPECTRAL LAMP 
029mm 
D 


Fig. 22. Calibration trace for DF-—2 glass prism, 2-75-2-10 eV. 


(eV) 


2-7314 
2-7091 
2-7049 
2-668 1 
6618 
2-6404 
2-6321 
2-H285 
2-6078 
S768 
2-5622 
2-5541 
2-5487 


Avac No. (eV) Avac V Avac 


5373 048862 2-3365 “53062 
5004 O-49584 : 2-32: 53322 
4763 O-50065 32 «22-3206 “53425 
4603 0-50391 33 ‘53738 
4397 2-295 54020 
4224 O-S1179 35 2-2 54351 
40900 51464 9.977 54500 
4058 O51L534 q 2-255 54959 
S888 0-51900 38 2-236 0-55352 
3817 052053 2-25 0-55643 
3795 052103 
3733 052238 2- 56914 
‘3680 052354 2-167 “57208 
3394 0-52094 5 2-135% -58060 


045390 16 
45763 
$5835 
46467 
46576 
$6705 
47057 
47102 
47166 
“47540 
“47902 
48114 
“48386 
“48540 
$8644 


‘ 


SPECTRAL LAMP 
S O16mm 
P21 


60 53 50 4g 


/ f A 
LA 


5 
Fig. 23. Calibration trace for DF-—2 glass prism, 2-20—1-05 eV. 


2-0902 
2-0959 
2-0699 


Avac . 6 Avac (eV) Avac 


O-57498 2. 0-61838 O-84977 
0-57660 71759 -442 0-85936 
0-58060 76 0-74409 -43: O-86567 
0-58217 655 0-74909 : O-87846 
0-59060 075378 +1735 1-0565 
0-59152 0-83026 j 1-1163 
0-59895 4795 O-83799 “O756 1-1526 
0-60026 +4723 0-84207 


+ Average of two unresolved lines of the lamp element. 
Value from data of Meccrrs 
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HELIUM SPECTRAL LAMP 
S .010 mm S$ .007mm S .023mm S .039mm 
D D D 1P24 {P24 


\~ 
sg 


18 19 


Fig. 24. Calibration trace for DF-—2 glass prism, 3-45-2-75 eV. 


vo. € (eV) Avac (2) No. (eV) Avac vo. €(eV) Avac 


3-4298 036147 5 3-2449 0-38206 2 3-0077* 0-41219 
34104 0-36352 7 3-1873* 0-38897 3 2-9911 0-41449 
3-3453* 0-37060 3-1262 0-39658 2-8246 0-43891 
3°3203 0-37339 3-0784 040273 2:7719* 0-44727 


HELIUM SPECTRAL LAMP 
S .025 mm S .005 mm 
D PbS D 


22 


T 


9 


Fig. 25. Calibration trace for DF-—2 glass prism, 2°65—0-60 eV. 


No. (eV) Avac No. €(eV) Avac (eV) Avac 


18 2-6297 047144 22 2-1095* 0-58772 25 1:7022 0-72833 
19 2-5182 049233 23. «1-8560* 0-66800 1-1444* 1-0833 
20 24711 050170 2 1-7543 070671 31§ 0-60223 2-0586 
21 24554 0-50491 


+ Average of two unresolved lines of the lamp element. 
t Value from data of Meccers [5]. 
§ Value from data of HumpHReEYs and KostTkowski [7]. 
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HELIUM SPECTRAL LAMP 
S$ .039mm .023 mm 
D {P21 


16 16 18 


Fig. 26. Calibration trace for DF-2 glass prism, 3-25-2-75 eV. 


E(eV) Avac No. (eV) Avac No. & (eV) Avac 


3-2048 O-38685 13 20911 041449 15 28246 0-43891 
31566 039276 14 2-9730 0-41701 16 2-7931 044387 
38-0914 40104 


HELIUM SPECTRAL LAMP 
S 044mm 039mm S$ 010mm 
Pbs D {P21 D {P21 


7 "4 


7. Calibration trace for DF-2 glass prism, 2-50-0-65 eV. 


Avac 


0O-50491 
072833 
1-1972 
1-2788 
72805 11-7008 
0-66333* 1-8690 


* Value from data of Meacrrs [5}. 
t Value from data of Humpnreys and Kosrt- 
KOWSKI [7]. 
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ZINC SPECTRAL LAMP 
S O2imm 
D 


T 


15 


. Calibration trace for DF 


(eV) Avac No. €& (eV) Avac No. (eV) Avac 
3-1392 039493 2-9514 0-42006 5t 28595 0-43356 
3-0646 40455 9155 0-42523 j 92-8524 0-43463 
30133 O-41143 t 2-9099 0-42605 27477 O-45119 
29804" O-41597 29052 042674 2-7407 045235 
2-764 041653 29012 0-42733 2-6967 0-45973 
2 -G638 41830 28872 042940 26771 046310 
2-Q574 41922 28820 043004 

Js © Average of two argon lines (starting gas). 

17 Argon line (starting gas). 


96] § Average of one argon (starting gas) and one zinc line. 


ZINC SPECTRAL LAMP 
S$ 013mm S 013mm S 013mm S O2imm 
D 1P21 D 1P21 OD 1P21 D 1P21 


40 


Fig. 29. Calibration trace for DF-2 glass prism, 2-65-1-90 eV. 


(eV) Avac No. (eV) Avac No. (eV) Avac 


2-6483 46814 28 2-3918 0O-51834 2-1934 056522 
2-6247 047234 297 2-375 0-52227 367 2°-1595 0-57411 
2-5765* O-481L18 2-3596 0-52542 37 2-1454 O-ST787 
2-4494 0-50614 22552 054974 38t 2-1033 O-58945 
2°4432 050744 327% 2-2297 0-55602 397 062142 
2-4060 0-51528 337+ 2-2242 0-55741 40 1-9481* 0-63641 
2-4009 051637 347 22143 055990 


+ Argon line (starting gas). 
t Average of the two sodium D-lines (impurity). 
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ZINC SPECTRAL LAMP 
S .069 mm S$ 046mm S$ 069mm S$ .025mm 
D PbS D PbS D Pbs D PbS 


4 4 5 


Fig. 30. Calibration trace for DF-2 glass prism, 1-80-0-70 eV. 


(eV) Avac No. (eV) Avac No, (eV) 


7794 0-69673 527 14545 0-85237 0-99370 
7538 70691 537 $200 
73860 5 3586 O-91254 0-94250 


O785 
0-92722 


1-6517 O- 75059 554 3436 0-92270 

1-6233 0-76372 282 0-96604 7ft, 
16047 77261 574 2667 O7871 ST, WO347 
0473 if SALAS 
1-5473 80126 

ORLITS L057 ‘ 75192 
l 


O-S2668 +. +7 32: 11-1672 27, ‘73165 H945 


5504 7503 l 
1Oo76 7 -7O048 
l 


O-S4 187 37.3% 2: 1-2129 


+ Argon line (starting gas *t Average of two argon lines (starting gas). 

§ Value from data of Meacers 5). Value from data of Fisner et al. [ 10). 
tt Value from data of Srrrner and {1 Value from data of HumMpHreys and Kostkowsk1 [7 
§§ Value from data of Kayser and Rirscuat [11 


CADMIUM SPECTRAL LAMP 
S 018mm S 018mm S$ .O12mm 008mm S$ 008mm 
D Pos D Pbs 1P21 1P21 D 1P21 


| 
16 


‘ ‘ ‘ 
5 8 "4 13 15 
Fig. 31. Calibration trace for DF-2 glass prism, 3-45-0-75 eV. 


Avac No (eV) Avac No. Avac 


3-4328 36115 2-5822 48012 11-4478 
3-4306 0-36139 2-4370* OS3468 11-4853 
34291 36155 2: 1-9250 064402 OS1786 11-5159 
28778" 43080 234 1-1924* 1-0397 78800 LS715 
28086 044142 25+ O88666* 11-3982 O-75430 11-6436 
2.6494* 046704 2 O-S6508 1-4331 OT5197 16487 


+ Value from data of Kayser and Rirscut | 11). 
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CADMIUM SPECTRAL LAMP 
S 027mm 
D {P21 


Fig. 32. 


16 20 


Calibration trace for DF-2 glass prism, 3:40-2:40 eV. 


El(eV) Avac No. (eV) Avac 


O-3BS8195 
0- 39062 
0-39828 


0-36506 
369085 


33961 
3-3521 
32821 


El(eV) Avac 
041416 
0-46160 
0-51561 


2-9934 
2-4045 


* Average of two unresolved lines of the lamp element. 


CADMIUM SPECTRAL LAMP 


S .027mm 


| 
3 4 


Fig. 33. Calibration trace for DF-2 glass prism, 2-25-0-75 eV. 


No. (eV) Avac (um) No. El(eV) Avac 


0-63269 
1-1634 
14478 


195905 
1-0657 
O-85629 


56003 
0-6 1008 
061132 


IS 2-2138 
19 2-0321 


20) «22-0280 


No E(eV) Avac 
14853 


L-S715 


0-83468 
O- 78800 


7 Value from data of Kayser and Rirscut {11}. 
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RUBIDIUM SPECTRAL LAMP 
S 060mm S 006mm S$ 045mm S$ .025mm 
D D (P21 DO 


y 


12 15 


Calibration trace for DF-2 glass prism, 3:50-2:15 eV, 


it) No. é ieV) 


3:4552* O-3588!1 43505 2.29003 53020 
3-4509 0359026 2-3857 51967 (54330 
35-0048 040452 ? 052354 2-2217 55803 
3-0625 0-40483 : 52615 21044 
2-9497* 0-42030 2-3: 0-53238 2-1922 
42167 53640 2?-1652* 57200 


+ Potassium impurity. 
>; Mercury impurity. 


RUBIDIUM SPECTRAL LAMP 
S 007mm S .0O7mm S O13mm 
D Pbs D Pos 


~ 


0417 60724 
0122 61613 
9971 62080 
9679 63000 
5977 ‘T7597 
78023 
5595 ‘T9497 
93647* -3239 
92198 “3447 
0-90702 3669 
OS4017 4756 
0-81066* -5293 
6 8 
Fig. 35. Calibration trace for DF-2 glass prism 
2-05-0-80 eV. 


—— 


+ Value from data of Fisuer et al. 
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RUBIDIUM SPECTRAL LAMP 
S 060mm S . 060mm S ._024mm S$ .O021mm 
D PbS D {P21 


' 


6 4 f2 14 


Fig. 36, Calibration trace for DF-—2 glass prism, 2-75-—-1-20 eV. 


No. (eV) Avac No. € (eV) Avac No, El(eV) Avac 


St 2-7208 045566 27 16731 0-74102 34§ 14985 0-82736 
26984 045944 28 1-6268 0-76210 35+ 11-4545 0-85234 
2-3975 O-S5S1710 16170 0-76670 36 13976 O-88709 
12 23681 052354 30, 16099 0-77011 377% 1°3859 0-89459 
14 2-3287 0-53238 31 15977 O-77597 1-085 


26 17025 0-72820 


* Cesium impurity. 

Potassium impurity. 

§ Average of two unresolved lines of the lamp element. 

* Value from data of the Handbook of Chemistry and Physics | 12). 


McKinney-Friedel interpolation 

McKinney and Friepe [17] showed that an empirical relationship exists 
between the spectrometer drum reading and the frequency of the radiation 
emerging from the exit slit of a spectrometer such as a Perkin-Elmer Littrow-type 
instrument. These instruments provide an essentially linear relationship between 
the rotational displacement of the Littrow mirror and that of the spectrometer 
drum, amounting to 0-4494° per drum revolution [19]. The linear relationship is 
necessary in order that the functional form given by them should be valid. Their 
final equation is applicable to prism calibration only in the infrared region where 
the contribution to the dispersion arising from the ultraviolet absorption by the 
prism material is small and may be included as a correction term. In the original 
McKINNEY—FRIEDEL equation, 


(3) 


the variation of spectrometer drum reading 7’ with the infrared frequency yr is 
determined almost entirely by the second term on the right, where v, is a character- 
istic infrared absorption frequency and B is a constant evaluated experimentally. 
The magnitude of the empirical constant A determines the significance of the 


19) J. J. Viiwa and C. D. SaLzBera, Proceedings of the Conference on Infrared Optical Materials, Filters 
and Films p. 64, PB 121128. Office of Technical Services, U.S. Dept. of Commerce, Washington, 
D.C. (1955). 
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small ultraviolet correction term, and 7’, is essentially a constant. Indeed, the 
correction term is so small in the infrared region that it has been discarded by 
Downte et al. [1] with negligible loss of precision in using the method for the 


calibration of salt prisms. 

A modification of equation (3) was necessary in order to extend the method to 
shorter wavelengths. It is well known that the dispersion characteristics of fused 
silica and glass prisms in the ultraviolet, the visible and the shorter wavelength 
portion of the near-infrared spectral regions are determined instead, principally 
by the ultraviolet absorption properties of these materials. The first step in adapting 
the McKiInNeEY—FRIEDEL method was to return to the more fundamental empirical 
relationship described by them, and then by substituting the photon energy ¢ for 
the frequency y (to which it is proportional), to obtain 

B 

T 9 2_ Ty (4) 
The symbols é,, and &,, represent wv and ir absorption energies, respectively, 
characteristic of the prism material and evaluated in the manner described in the 
ensuing discussion. For each prism, an initial value for A was determined by 
assuming as a first approximation that in the wv and visible regions, the influence 
of the second term of equation (4) on the variation of T with &* is negligible 
compared with the first term. The validity of this assumption was subsequently 
confirmed by the analysis of the experimental data. Consequently, if a value of 
é,.* can be found such that by setting « 1/(é,,2 — &*), a plot of 7 versus « for the 
higher range of photon energies yields a straight line, then the constant A may be 
evaluated from the slope, since d7'/dz = A. 

The choice of a suitable value for 6 ,,? is restricted by a number of considerations. 
Its magnitude must be greater than the square of the maximum photon energy 
transmitted by the prism. On the one hand, if it is not sufficiently greater, then 
the plot of 7 versus « would nowhere be a straight line; on the other hand, if it 
becomes too large, then « would become independent of &* and the plot approaches 
a vertical straight line. In this event, 7’, is no longer essentially a constant, but 
depends strongly on &*, and the method fails. It is therefore necessary to choose 
the smallest value of &,,* which results in a satisfactory plot. The optimum value 
may be obtained by starting with a number 10 per cent larger than the square of the 
maximum photon energy transmitted, and then plotting 7' versus « for increments 
of 25 per cent in the number selected. For this purpose, the values of « should be 
calculated from at least fifteen of the recommended McKINNEY—FRIEDEL points, 
uniformly distributed over the photon energy range of the prism. The series of 
plots should be continued until (1) a straight line is obtained starting from the 
largest ultraviolet photon energy and extending into the visible region, and (2) the 
value of the spectrometer drum reading (and corresponding photon energy) at 
which the plot begins to deviate from the continuation of this straight line becomes 
essentially stabilized, with very little decrease in drum value upon further increase 
in é,.*. In the present work, the spectrometer drum reading at which this deviation 
occurred was found to be 6-50 for the glass prism and 6-00 for the fused silica prism. 
The slope of the linear portion of the optimum plot yields the initial value of A. 


848 


17 
196. 


a 


Calibration of prism spectrometers in the ultraviolet, visible and near-infrared regions 


The parameters of the second term of equation (4) are associated with the 
near-infrared absorption properties of the prism material, and an initial value of B 
may be determined from an approximation suitable for this region. In this approxi- 
mation, the contribution of the first term to the variation of T with &? is assumed 
to be negligible compared with that of the second, since the near-infrared values of 
&é* are much less than &,,,?, so that the first term is essentially a constant. Con- 
sequently, by setting 6 = 1/(é,,2 — &*), and choosing a value of &,,? such that a 
plot of 7’ versus # yields a straight line, the constant B may be determined from 
the slope, since d7'/dp = B. 


Table 2. Empirical constants for the 
modified McKInNEY—FRIEDEL equation 


B 


A 


Prism 


1400-0 1-050 


DF-2 Glass 


Fused silica 5380-0 0-680 144-0 


The magnitude chosen for the optimum value of &,,? must be restricted to be 
less than the square of the minimum photon energy transmitted by the prism. 
Each trial value chosen is used to calculate a set of 6 values from the recommended 
McKINNEY-—FRIEDEL points in the near-infrared. In the present work, the cal- 
culations for each prism were limited to é* values less than 0-55. Although @,, 
should theoretically correspond to an infrared reststrahlen energy of the prism 
material, the most appropriate value found in each case was é,,2 = 0. However, 
the plot of 7’ versus # was not quite linear even with this value, so that the initial 
estimate of B was obtained from the ‘‘average”’ slope of the curve. 

A final adjustment of the parameters A and B is necessary in order to com- 
pensate for the approximations made in obtaining their initial values, as well as in 
the selection of &,,? and &,,2.. The best criterion for making this adjustment is the 
achievement of a nearly constant 7’, value over the entire calibration range. To 
make the adjustment accordingly, an initial set of 7’, values is calculated from the 
final form of the modified McKinney—FRIEDEL equation, 

A B 


using the same points previously selected for evaluating A. From these values, 
the standard deviation of the mean is computed. The entire procedure is repeated 
for small changes first in A, then in B, until the standard deviation is minimized. 


The values of A and B determined in this manner, together with ¢,,? are given in 
Table 2, and are typical for each prism.* From the final values of the constants, 


* For performing the McKtnnEY—F RIEDEL interpolation in terms of wavenumber rather than photon 


energy, it is necessary to rewrite equation (5) as 7 A’](v,.? y*) B’/y* T,. The constants of 
the equation then become: (1) for the fused silica prism, A’ 3-500 «x 104, RB’ 4-42 10’? and 
= 9-37 and (2) for the DF-—2 glass prism, A’ 9-109 « 10'°, B’ 6-83 10’, and 

2-34 x 10%. The values of the emission lines given with each spectrogram must also be converted to 


wavenumber by means of equation (2). 
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as well as the drum and photon energy values of all the McKinney—FRIEDEL 
points, a complete set of 7’, values is then calculated using equation (5). A plot 
of 7, versus & is prepared with a least-count value of 0-001 unit of drum reading for 
ee the ordinate and 0-01 or 0-02 eV for the abscissa scale. With such an expanded 
She T,, scale, the points are usually disposed about a horizontal line in a characteristic 
manner, and the best smooth curve is drawn through them without particular regard 
to its shape. The plots obtained for 7’, versus & shown in Figs. 37 and 38 are illustra- 
tions of the results to be expected. A tabulation of closely spaced values of € is 


32.850 


FUSED SILICA PRISM 


100 200 3,00 400 5.00 6.00 
PHOTON ENERGY, € (ev) 


Fig. 37. A typical T, versus & curve for the fused silica prism. The plot is derived from 
the recommended McKinney—FRiepeE. [17] points and shows the characteristic shape 
obtained. 


then made over the energy range of interest, and from equation (5) and the 7’, versus 
& curve, the corresponding 7 values are calculated. The final calibration curve 
is prepared by plotting & versus 7 on suitable co-ordinate scales and drawing a 
smooth curve through them, as discussed at the end of the preceding section. 

It is important to evaluate the precision measure of the final set of calibration 
curves in terms of the standard deviation of the photon energy, o (eV), obtained 
from the ordinate scale for any value of the spectrometer drum reading on the 
abscissa scale. Since the curves are based on the accurately known photon energies 
of the emission lines, the calibration precision is determined almost entirely by the 
instrumental uncertainty in evaluating the corresponding drum readings. The 
contribution of a given drum uncertainty, A7’, to this precision depends directly) 
on the slope of the calibration curve at the particular drum value, since Ad 
(dé /dT)\T. The slope of the calibration curve varies markedly over the range of 
each prism. Therefore, in considering the minimum uncertainty to be expected, 
the range must be divided into parts having roughly the same slope, and the 
standard deviation evaluated for each part. Using the calibration curves from 
the present work, mean values of the slope were computed and tabulated for smal! 


S50 


32.800 
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35,250 | ion 


35.150 


1.00 1.50 200 2.50 3,00 
PHOTON ENERGY, & (ev) 


Fig. 38. A typical 7, versus é curve for the DF—2 glass prism. The plot is derived from the 
recommended McKInNEY-FRIepEL [17] points and shows the characteristic shape 
obtained. 


Table 3. Standard deviations from a McKInNEY—FRIEDEL 
calibration curve calculated for a constant drum reading 
17 ; deviation of +0-0025 revolution at all drum values 


Fused silica prism 


é(eV) aleV) A(m) 


6-39--4-54 0-0006 0-194-0-273 0-00003 
—~O-0010 0-273-0-350 0-00008 
3-54-0-980 00-0017 0-350-—-1-27 0-00088 
0-980-0-532 0-00072 -27—2-33 00-0014 


DF-2 Glass prism 


&(eV) aleV) A(m) a(m) 


3:40-2:73 0-0002 0-365—-0- 0-00003 
2-73-—-2-13 0-0003 0-454-0 0-00007 
2-13--0-730 -O-O005 0-582-1- 0-00049 
0-730-0-532 0-00025 1-70-2- 0-0008 


energy increments over the entire prism range. The tabulation was divided into 
four parts, such that the slope values in each part differed by at most a factor of 2 
and usually less. A constant A7' value of +0-0025 drum revolution for all drum 
readings was adopted, based on the standard deviation found for determining 7 
values. The standard deviation of the photon energy was calculated from ten or 
more slope values distributed over each part. The o values and range of each part 
in terms of both photon energy and wavelength are presented in Table 3. These 


DF-2 GLASS PRISM 

35,200 
35.100 
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results represent the best precision to be expected from the calibration curves of 
both prisms. 

To obtain the precision measure of actual McKinNEY—FRIEDEL curves, ten or 
more data points excluding those specifically recommended for the interpolation 
must be selected for each of the appropriate four ranges given in Table 3. These 
points are plotted on the calibration charts and their energy deviations from the 
curve are determined. The standard deviation for each range is then calculated 
and may be compared with the corresponding value in Table 3 in order to appraise 
the relative merits of the experimental data from which the curves were derived. 
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Appendix 


In evaluating the relative merits of the twelve Osram spectral lamps,* the HgS and Hg Cd 
lamps were eliminated, since they produced relatively low intensity lines, as well as the Na and 
TI lamps, because they furnished relatively few lines in the regions of interest. The spectra of 
the remaining eight were recorded, but those of the K and Cs lamps were found to be superfluous 
for the calibration purposes. Furthermore, the spectra of these two lamps indicated the presence 
of many impurities, thereby diminishing their usefulness. The spectrograms of these lamps 
proved to be very helpful, however, in identifying the emission lines of the other lamps. 

It is likely that the spectrograms of the emission lines produced by the Osram potassium and 


VOL. 
cesium lamps may be needed for other purposes, where a pictorial representation of the relative 17 
intensities and separation of their lines would be very advantageous. For example, their avail- 106" 


ability would be helpful in selecting a particular emission line for isolation as a monochromatic 
source, using an optical transmission filter. Therefore, they are presented together with a brief 
description of the spectral characteristics of each lamp. 

(a) Potassium spectral lamp. The K lamp produced seventy-two identified emission lines in 
the range of 0-39 u <A 1-52 mw, of which only thirty-four were due to the lamp element. The 
spectrum also contained lines from many impurities, among which traces of Na, Cs, Hg and A 
were detected. The spectrograms for this lamp are shown in Figs. 39-41. 

(b) Cesium spectral lamp. The number of identified Cs emission lines produced by this lamp 
was thirty-nine in the range 0-36 « <4 < 1-47 4. Of the many impurity lines which appeared, 
only five were identified, arising from traces of Rb and Hg. The spectrograms showing these 
lines are presented in Figs. 42—45. 


* See footnote p. 821. 
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Calibration of prism spectrometers in the ultraviolet, visible and near-infrared regions 


POTASSIUM SPECTRAL LAMP 
S .Of4mm S .006mm S 006mm S.014mm S 014mm $.007 mm 
Pbs D PbS D Pbs D (P24 O 1P21 1P24 


3 a 6 9 4 12 {7 


Fig. 39. Calibration trace for DF-2 glass prism, 3-10—0-80 eV. 


No. (eV) Avac No. €& (eV) Avac No. E(eV)  Avac 


0-40452 347 24311 0-50995 53 21043 0-58915 
4 3-0625 0-40483 35 2-4245 0-51136 2-1022 0-58975 

2302-5794 0-48065 41 2-3284 0-53247 59 1-6170 0-76670 

25 22-5524 0-48574 42+ 2-3205 0-53428 60 1-6099 O-77011 

27 0-48710 43° 23126 0-53610 68§ 1-0602 1-1693 

28 2-5080 0-49433 49 2:1434 0-57842 1-0528 1-1776 

29 2-5035 0-49522 50 2-1362 0-58035 70§ 0-99697 1-2435 

302-5009 0-49574 51 2-1324 0-58141 71§ 0-98982 1-2525 

312-4963 0-49664 52 2:1252 0-58337 0-81726 1-5170 


33 2-4378 0-50856 


t Average of two unresolved lines of the lamp element. t Sodium impurity. 
§ Value from data of Fiswer et al, {10}. * Value from data of Kayser and Rrrscut {11}. 


POTASSIUM SPECTRAL LAMP 
S .035mm S 014mm S$ .035mm S 030mm 
D {P24 D D {P24 D {P24 


A 4 
T 7 V if 
{2 13 14 14 15 16 18 


Fig. 40. Calibration trace for DF-2 glass prism, 3-20—-2-50 eV. 


No. é (eV) (4) No. é (eV) Avac No. é (eV) Avac (44) 
31502 0-39355 lit 2-9099 0-42605 19¢ 2-7208 0-45566 
2+ 3:1392 0-39493 12¢ 2-9052 0-42674 20t 2-6967 0-45973 
5t 2-9804 0-41597 2-9012 0-42733 2-6701 0-46431 
2-9764 0-41653 2-8823 0-43013 22 2-5870 0-47924 
73 2-9638 0-41830 2-8595 0-43356 24 2-5556 0-48512 
2-9574 0-41922 2-8438 0-43595 25 2-5524 0-48574 
9F 29514 0-42006 17~ 2-7477 0-45119 26 2-5484 0-48649 
10t 29155 042523 2-7407 045235 


+ Average of two argon lines (starting gas). t Argon line (starting gas). § Mercury impurity. 
* Cesium impurity. tf Average of two unresolved lines of the lamp element. 
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POTASSIUM SPECTRAL LAMP 
S 035mm 
D 


9 wn 


Fig. 41. Calibration trace for DF-2 glass prism, 2:45-1:10 eV. 


No (eV hvac No é Avac No. (eV) Avac 


32% 24494 50614 46% 2-2242 055741 16047 77261 

367+ 2-4060 O-51528 47+ 2-3 3 559900 62+ 11-5504 79503 

37% 240090 051637 48% 2-102 56522 637 11-5273 SLI75 

38+ 2-3892 0-51892 033 69132 14726 S4187 

39+ 2-3738 0-52227 6408-69409 13586 91254 

40+ 2-3596 0-52542 (69673 11-2834 

44% 2-2552 0-549074 Sst 70691 67§ 1-1239 1031 

45+ 2-2297 055602 

* Argon line (starting gas) 17 
Average of two argon lines (starting gas). 106° 

§ Value from data of the Handbook of Chemistry and Physics | 12 


CESIUM SPECTRAL LAMP 
S$ 008mm S 008mm 
D 1P21 D 1P24 


—3 


10 "1 13 


Fig. 42. Calibration trace for DF—2 glass prism, 3-45—-1-95 eV. 
i 


Avac No. € (eV) Avac No. (eV) Ava (4) 


36125 2-7208 0-45566 2 2-1206 0-58463 
36184 269084 0-45044 3 20622 0-60120 
(38774 2-1994 0-56367 2-0541 0-60357 
(38897 22-1883 0-56653 ‘ 19949 62145 


D Pbs D 
| 
$5 48 
| 44 3 
46 
63 57 48 40 | 38 32 
36 
5 6 " 
10 
| 
| 9 
| | 4 
‘4 2 
\ \ 
9 19 22 
No. (eV) 
1 34319 
2 3-4263 
3 3-1974 
4 3-1873 
S54 


Calibration of prism spectrometers in the ultraviolet, visible and near-infrared region 


CESIUM SPECTRAL LAMP 
O18mm S$ 005mm S 018mm 
D PbS D Pbs D Pbs 


No. € (eV) Avac (mu) 
1-4545 O-S5235 
14147 0-87637 
1-3859 089459 
1-3513 O-91747 
1-3460 0-92109 
1-2362 1-0029 
1-2243 1-0127 
O-91215 1°3592 
11-3606 
084344 


+ Value from data of the Handbook of Chemistry 
and Physics {12}. 
t Value from data of Fisner et al. {10}. 


Fig. 43. Calibration trace for DF-2 glass prism, 
1-50—0-80 eV. 


CESIUM SPECTRAL LAMP 
S$ 019mm S 044mm 
D 1P21 D 


5 
Fig. 44. Calibration trace for DF-—2 glass prism, 3-00—1-80 eV. 


E (eV) Avac No. E (eV)  Avac No. & (eV) Avac 


2-9497 0-42030 16 l- 

2-9401 0-42167 17 

28438 0-43595 IS 19471 0-63672 22 #1-8698 0-66304 
l- 


9592 0-63279 
9503 0-63567 


9149 0-64744 
S819 O-65878 
2-0541 0-60357 19 


9270 0-64337 8435 0-67251 


+ Rubidium impurity. 
Mercury impurity. 


_-40 34 
| 37 
43 
| | | 
4) 
42 | 38 
\ \ 35 
3 3 5 55 
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CESIUM SPECTRAL LAMP 
S 065mm 
D Pbs 


4 6 
Fig. 45. Calibration trace for DF-2 glass prism, 1-85-1-50 eV. 


No. & (eV) Avac No. €& (eV) Avac vo, €(eV) 


24 


25 


18160 00-6827 28 0-72819 “5599 0-79480 
1-8040 0-68723 29 1-6289 0-76111 ‘5463 0-80179 
26 11-7774 0-69752 30t 15890 0-78023 0-80812 
27 0-72310 


* Rubidium impurity. 
+ Average of one cesium and one rubidium (impurity) line. 
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Molecules with a single methyl rotor* 


W. G. and Fou, A. Minter 
Mellon Institute, Pittsburgh 13, Pa. 


(Received 20 February 1961) 


Abstract—Transitions between torsional levels have been observed in the far infrared for nine 
compounds. The results are: 


Potential barrier 
Compound 
(cal/mole) 


CH,CHO 


1180 
1186 
1179 
3580 
3210 
1165 


& 2 


CH,CH,Cl 
CH,CHF, 
HCOOCH, 
CH,N; 
CH,NCO 
CH,NCS 
CH,SCN ? 


9% 


The potential barriers for the first four compounds are in excellent agreement with microwave 
results. For the remaining five substances there are questions about which torsional transition 
is being observed, and there are no good microwave results for comparison. 


Introduction 

THE rotation of a methyl group relative to a reference framework such as —CHO, 
—NCO, or —CH,Cl is opposed by a threefold potential barrier (Fig. 1). If the 
barrier is sufficiently high the rotation reduces to a torsional oscillation. The 
torsional energy levels would be triply degenerate if it were not for the tunneling 
effect; this, however, splits them into two sublevels, one of which is non-degenerate 
(symmetry species A of the C;-group) and the other doubly degenerate (species £). 
As shown in Fig. 1, the A-sublevel is alternately lower and higher than the corre- 
sponding £-level. The splitting becomes greater as the levels approach the top of 
the barrier, and finally well above the barrier the levels go over into those for a 
freely-rotating methyl group. 


* This work was supported by a grant from the National Science Foundation. 
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There is almost no published work describing the direct observation of transi- 
tions between torsional levels of methyl groups {1}. For some molecules (e.g. ethane) 
these transitions are forbidden in both the infrared and Raman spectra. Even 
when allowed in the Raman effect, they seem to be so weak that they are seldom 
observed. For example we have tried hard to find the torsional transition in the 
taman spectrum of methyl! isothiocyanate, knowing just where to look, but with 
no success [2]. We have now observed such transitions in the far infrared for 
several compounds. They occur in the range 90-280 em~. 


E 
° 


60° 120° 180° 240° 300° 360° 


Fig. 1. Potential function and energy levels for hindered rotation. V(a) V,(1 
cos 3x)/2. Drawn to scale for acetaldehyde, with V, = 412-7 em~! 1180 cal/mole. 


This paper discusses the results for molecules in which a single methyl! group 
is attached to a “rigid” framework, and in which there are three identical potential 
minima. Examples are CH,CHO, CH,NCO, and CH,CH,Cl. The reason for this 
restriction is that the theory has been developed particularly well for such mole- 
cules, especially by Prof. E. B. Wiison, Jr. and his students. This same group has 
[1] The only earlier work of which we are aware is: (a) CH,NH,: A. Hapwnt, J. phys. radium 15, 375 


(1954); (b) CH,CH,F: E. Catarano and K. 8. Prrzer, J. Phys. Chem. 62, 873 (1958); 


(c) CH,—CH—CH,: O. Batiaus and J. WaGNner, Z. physik. Chem. Leipzig B45, 272 (1939); M. C. 
Tost, Spectrochim. Acta 16, 1108 (1960). (d) Some work on CD,NH,, CD,ND,, CH,CH=CH, and 
CH,OCH, by Prof. R. C. Lorp of Mass. Inst. of Tech. which has appeared only as WADC technical 
report 59-498, Wright Air Development Division, Wright-Patterson Air Force Base, Ohio (February, 
1960). There are of course other papers where torsional frequencies have been inferred from com- 
bination tones. 


2) F. A. Micier and W. B. Wurre, Z. Elektrochem. 64, 701 (1960). 
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made careful and thorough microwave studies of several such compounds, and by 
that means has determined the heights of the potential barriers. The theory and 
many results have been well summarized in a recent excellent review by Lin and 
SWALEN [3]. Infrared spectroscopy provides completely independent data from 
which to calculate these barriers, so the two techniques provide a mutual check on 
each other. It is particularly valuable to us in starting this work to be able to 
confirm our assignments from the microwave results. 

Hindered rotation in molecules with more than one methyl rotor (e.g. 
CH,OCH,), or involving non-equivalent minima (CH,Cl—CH,Cl), are deferred for 
another paper. Molecules in which methyl groups rotate relative to a symmetrical 
planar framework (CH,NO,, toluene) are also not considered here; they have a 
sixfold potential barrier which apparently is very small. 


Experimental 
A. Spectroscopic procedures 


The infrared spectrometer used for the range 80-350 cm~! has been described 
elsewhere |4]. Wavenumbers of sharp bands should certainly be accurate to better 
than +1! em, but for broad bands the uncertainty may be +2-3 em~!. For the 
present work the calculated spectral slit width varied between 3 and 9 cm~', with 
5 em! being a typical value. (The transmission of the spectrometer fluctuates 
through the spectrum, being governed largely by the efficiency of the reststrahlen 
reflections. Naturally, the signal-to-noise ratio is most favorable near the rest- 
strahlen peaks, and is poorest in regions between them.) Strenuous efforts were 
made to remove false energy, and nowhere did it amount to more than 5 per cent 
of the total signal. 

Gaseous samples were measured in a standard |-m folded-path cell with 
polyethylene windows. The pressures used are given in Table 1. Several of the 
compounds had too little vapor pressure to give a satisfactory gas spectrum. These 
were examined as solids by depositing them from the vapor onto a cold polyethy- 
lene support at liquid nitrogen temperature in a conventional low-temperature 
cell. 

Because vapor phase frequencies are preferred, it is desirable to know the 
frequency shift between the solid and vapor states. To test this, gas and solid 
state frequencies have been compared for acetaldehyde. An absorption was ob- 
served in each at 150 + | em~'. Hence in this case the torsional frequencies are 
remarkably independent of physical state. Various experimental difficulties have 
prevented us from obtaining any other comparisons, but we suspect that solid 


phase frequencies can be used without great error for the molecules considered 


here. 

The low-temperature solid deposits usually appear to be glassy. If they were 
well crystallized, there would be a possibility of added complications in the spectra 
due to lattice vibrations and crystal field splittings. To see whether this was likely, 


{3} C. C. Loy and J. D. Swacen, Revs. Mod. Phys. 31, 841 (1959). 
F. A. G. L. Cartson and W. B. Wurre, Spectrochim. Acta 15, 709 (1959). 
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two of the compounds (CH,NCO and CH,N,) were also deposited as dilute suspen- 
sions in a matrix of cyclohexane. It was hoped that this would destroy the crystal- 
linity of the sample and eliminate any unwanted complications. No change was 
produced in the far infrared spectrum. 


B. Origin of the samples 

Because acetaldehyde usually contains enough water to present serious inter- 
ference in the far infrared, some care was taken to purify the sample. After a 
preliminary distillation, it was vacuum transferred from a glass vessel at 148°K 
through four traps at 148°K to a collection trap at 77°K. (The 148°K temperature 
was obtained by using an equilibrium mixture of solid and liquid ethanol.) The 


normally strong bands of water vapor were then no longer observed. 
Chloroethane and | : 1-difluoroethane gases were obtained from the Matheson 
Chemical Co. and dried with Linde type 4A molecular sieves. Commercial methy] 
formate proved to have about 3-5 per cent of CH,OH impurity in the vapor which 
caused serious interference. It was finally removed after distilling through a 
fifteen-plate column, passing the vapor over silica gel to remove the remaining 


methanol, and then over molecular sieves to remove any water. 

Methyl azide, methyl! azide-d,, and methyl isocyanate were provided through 
the kindness of Dr. D. E. Mrtiican of Mellon Institute, who had prepared them 
for another purpose. Because their spectra showed no infrared bands not pre- 
viously reported, it was assumed that they were sufficiently pure. Methyl thio- 
cyanate and methyl isothiocyanate were commercial products, and were used 
without further treatment. 

Theory 

It will be helpful to summarize the theory briefly before discussing the results. 
HeRSCHBACH’S formulation and notation will be used [5]. The model is that of a 
rigid symmetric top (i.e. a CH, group) attached to a rigid framework which may 


- be completely asymmetrical. Since the top has a threefold symmetry axis. the 
rf potential energy hindering rotation may be expressed in a Fourier series as 
V Fa, 
5 Via) = -+ (1 +- cos 3x) 4 -§ (1 cos 6a) +... (1) 


where |’, is the height of the threefold potential barrier, V, of the sixfold one, and 
so on. 

It is assumed here that all terms after the first may be dropped; there is good 
evidence for this.* When this potential is put in the wave equation for the torsional 
motion, Mathieu’s equation is obtained. The energy solutions for each torsional 
quantum number v give two sublevels; one is non-degenerate (A) and the other is 
doubly degenerate (£). The torsional energy is: 


E,, = 2:25Fb,, (2) 


vo 


* V, is probably <0-01 V, (see [3], p. 844). 
(5) D. R. Herscupacn, J. Chem. Phys. 31, 91 (1959). 
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where ’ = principal torsional quantum number. 
an index designating either the A- or E-levels 
an eigenvalue of the Mathieu equation; 
(3) 
reduced moment of inertia for internal rotation, 


I, > (4,?/1,)); 


moment of inertia of the internal top (i.e. CH,) about its symmetry 
axis; 
cosine of the angle between the axis of the internal top and the gth 
principal axis of inertia of the entire molecule; 
, = gth principal moment of inertia of the entire molecule. 
The observed infrared frequency gives the difference between two of the energy 
levels which, according to (2), is 


AE,,, = 2:25 F(Ab,,) (5) 


Thus if the absorption frequency is known, and there is enough structural informa- 
tion to determine F, Ab, can be calculated. From this Ab,, a dimensionless 
parameter s can be obtained from tables of solutions for the Mathieu equation. 
The barrier height can then be calculated from s by using: 


V, = 2-25Fs (6) 


One problem is to know which torsional levels are involved in an observed 
transition. It is here that the microwave-determined barriers have provided an 
invaluable guide to us. 

Tables of 6, vs. 8 are given in HeRSCHBACH’s paper [5]. HerscHpacu has 
prepared another set of tables [6] which are easier to use for the present purposes 
than those in [5], and which include many more values of v. He has kindly pro- 
vided us with a set, and all the results in this paper were obtained from these 
rather than from [5]. 

A sample calculation is given in the discussion of acetaldehyde. 


Discussion of results 
The results are summarized in Table 1. Table 2 gives the source of the struc- 
tural data, and lists the values of F and s used. In the discussion of the results, 
the compounds are divided into two groups depending upon whether their spectra 
were measured in the gaseous or solid state. The results are generally much more 
reliable for the former group. 


A. Molecules measured in the gaseous state 


1. Acetaldehyde (CH,CHO). We begin with acetaldehyde because it is the most 
favorable case. It has been studied very carefully by microwave spectroscopy [7], 


(6) D. R. Herscusacn, Tables for the Internal Rotation Problem. Department of Chemistry, Harvard 
University. These tables are described in J. Chem. Phys. 27, 975 (1957). 
[7] R. W. Kis, C. C. Ley and E, B. Witson, Jr., J. Chem. Phys. 26, 1695 (1957). 
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Table 1. Infrared bands and potential barriers 


Pressure Assignment Vs (cal/mole) 
ys Intensity? in l-m ce of CH, 


(em Hg) torsion Infrared? Microwave 


Compound 
(cm 


A. Gas phase measurements 


(1) CH,CHO 150 l , (solid) 1 (A) 


143 
150 (A) 
158} 


26? 
268 
273 
276 


2809) 


2) CH,CH,Cl 235-5 
243 


3560 
(3) CH,CHF, 223 d 20 [14] V 


\ 
] 
4) HCOOCH, 130 40 (15) 19 
B. Solid phase measurements 


(5) CH,N, 126 | 


CH,NCO 
CH NCS 


CH SCN 


ar unless otherwise stated 
weak, medium, strong. v very, b broad 


All values are at least 15 cal/mok 


and Herxseneacn has applied his theory to it as a specific example [5]. Likewise 
we feel that our infrared results are more complete and reliable for it than for any 
other molecule we have studied 

In the solid only a very weak band at 150 cm~' was found. In the gas nine 


i 
1180 1168 — 30[5] 
w 40 0 2(A) 1186 
w 
40 0 1179 
vw 
6) CDN, w, b 0 1 (A) 
0 + 200 
7) 143 1 m, b 0 1 (A) 1200 
-» 2(A) 560 
128 m, b 1(A) 700 275 1S] 
is} m, b 1 (A) 1000 
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peaks were observed: three at 143, 150, and 158 em~'!, and six at 257, 262, 268, 
273, 276, and 280 cm~ (Fig. 2). We are not sure of the proper explanation for 
these. Acetaldehyde is approximately a symmetric top, since J, = 8-933, I, 

49-741, and J, = 55-553 a.m.u. A? [7]. The average spacing between the subbands 


Table 2. Parameters used in the calculations 


: F Transition Structural data 
(em~*) Reference Completeness 


. CH,CHO 7-696 d 23-835 [5 Very good 
23-973 
23-830 
2. CH,CH,C! 5-858 95-065 Fair 
3. CH,CH F, 5-468 . 91-262 Very poor 
. HCOOCH, 5-680 J 31-861 Very good 
5. CH,N, 23-314 Good 
7-192 
i. CD Nz, 3°77: 34-305 Good 
11-899 
CH,NCO 27-779 Fair 
13-020 
9-330 
. CH,NCS 9-505 . 11-472 | Very poor 
6-293 
. CH,SCN 6-921 , 22-578 Very poor 
11-163 
6-819 


Per Cent Transmission 


140 150 190 200 210 30 240 260 270 280 


Cm! 


Fig. 2. Infrared absorption of acetaldehyde vapor at low frequencies. Path length 1 m. 


A. em pressure; slit width 8 B. 40 em pressure; slit width 3-5 There 
was no other absorption between 80 and 350 em~'. 


of a | band of such a top is expected to be about 3 em~'[8]. However, the strong 
coupling between internal and overall rotation will destroy the regularity of the 
pattern. The observed spacings are 7 and 8 em~! at 150 cm~', where the spectral 


[8) G. HERZBERG, Infrared and Raman Spectra of Polyatomic Molecules p. 424. Van Nostrand, New York 
(1945). 
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slit width was calculated to be 8-5 em~'. They are from 3 to 6 em~' at 270 em™, 
where the spectral slit width was about 3-5 em~'. Hence considerably more detail 
would be observed with higher resolution, and we could not expect to find the 


predicted 3 cm~' spacing in this experiment. 

Let us assume that 150 cm~'! is the 0 — | transition for the methyl torsional 
mode. Furthermore let us assume that the A- and Z-levels for both v = 0 and 
t 1 are so close together that the separate infrared transitions are not resolved. 
(This will be confirmed later.) We shall carry through a sample calculation of the 


barrier height V',, using the A-levels. From equation (5) one has: 


AE. Bis — Bes 150 2-25F(Ab,.) 


The value of F for acetaldehyde is given explicitly in [5] as 230-7 kMe, which is 


7-696 em~'.* Hence 


Ab. b, 4 by 8-663 


One now goes to HeERSCHBACH'S tables 16) to find the value of « which gives this 
Ab, ,. One finds: 


12-10 
( boa $20 5-03 


Interpolation gives « = 23-84.+ Substituting this in equation (6) leads to V’, 

413 cm~! or 1180 cal/mole. This value should be compared with the microwave 
result of 1168 + 30 cal/mole [5]. The latter value is based on the same theory for 
the energy levels, but on a completely different set of transitions. The agreement 


is very satisfactory 

By reversing the calculations, the value for the barrier can now be used to 
determine the energies of the A- and E£-sublevels for various torsional quantum 
numbers. The results are given in Table 3. They are also shown on Fig. 1, which 
is drawn to seale for acetaldehyde. It will be seen from Table 3 that the splitting 
for » = 0 is only 0-09 em~, and for v = | is 2-2 em~'. We could therefore not 
expect to resolve the transition 0 — 1 (A) from 0 — 1 (£) because the spectral slit 
width was always greater than 3 cm~! at 150 em~!. Our earlier assumption is thus 
justified. It is also interesting to note that the levels for ¢ = 3 and higher lie 


above the barrier. 

The collection of weak peaks between 257 and 280 cm~' is attributed to the 
(} —» 2 transition, for which the absorption is expected to be complex because of 
the following reasons. The v = 2 level is split into A- and E-sublevels about 15 


* In [3), Table VI, F is erroneously given as 17-77 cm~'. This is really 2-25 F. 


+ If reference [5] is used rather than the more extensive tables [6], the desired data are found in 
Appendix D, p 107. The b.4 w,. Thus for « 20, 11-976 o-121 0-003 12-100. The 
hen, lo, Ws . Thus for = 20, be is 11-9761 — 0-1205/2 — 0-0027/2 

00-0001 11-0146. 
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em~' apart. Associated with each of the resulting torsional transitions 0 — 2 (A) 
and 0 —» 2 (£) is rotational structure, which in turn will be complex because of the 
coupling between internal and overall rotation. These two bands will overlap 
seriously. The net result is a complicated absorption for which only the crude 
contour has been observed. Because it is not possible to locate the band centers 


Table 3. Energy levels for acetaldehyde 


(V5 112-7 em"! 1180 cal/mole) 
Energy 
” Sublevel 4 
*) 


79-58 


79 


67 


Barrier) 


with confidence from the appearance of the band, they have been determined from 
the energy levels of Table 3. This gives 0 — 2 (A) 261 em~!, 0 — 2(£) 276 
em~'. The observed absorption maxima at 262 and 276 cm~ have therefore been 
taken as the band centers. Possibly the agreement is fortuitous, for the observed 
maxima may be the result of accidental build-up of intensity from the overlapping 
lines of the two bands. The other four peaks are arbitrarily considered to be 
rotational branches flanking these two band centers (see Table 1). Similarly 143 
and 158 em~! are taken to be branches of the fundamental at 150 em~. 

The agreement between the infrared and microwave results, and the internal 
consistency of the 0-1 and 0-+ 2 infrared transitions, is very good. This is 
particularly pleasing because acetaldehyde is the molecule whose internal rotation 
has been most thoroughly studied by both methods. However, it should be men- 
tioned that MOLLER has reported infrared absorption in acetaldehyde at 175 em~ 
which he attributed to the torsional fundamental [9]. We found no absorption 
whatever in this range, and believe him to be in error. 

There is an arbitrary feature in our treatment which should be noted. It has 
been assumed that the 150 em~! absorption is due to the 0-—+ 1(A) absorption. 
What if it were 0 — 1(£)? This would give a barrier of 423 em~', or 1210 eal/mole, 


[9] K. D. MétLeR, Compt. rend. 250, 3977 (1960). 
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which is in less good agreement with the microwave result. Or, since we could not 
resolve the 2 em~! separation of the two 0 — | transitions, perhaps 150 em~ is the 
resultant of both. Then lV’, would be approximately the average of the two previous 
values, or about 1195 cal/mole. This is just within the uncertainty range of the 
microwave results. We have arbitrarily used 1180 cal/mole for the barrier in 
deriving Table 3. 
Finally, from the energy levels of Table 3 we find that the transition 1(A or £) 
2(A) is expected near 112 em~', and 1(A or £)-—> near 127 No 
absorption was observed at either place, but the bands are expected to be weak 
because they start from an excited state. 

General remarks on accuracy. The heights of the potential barriers are quite 
sensitive to the exact value of the infrared frequency. For example lowering the 
observed frequency for acetaldehyde by 1 cm~! lowers the barrier by 15 cal/mole. 
For this molecule the frequency is believed to be accurate to better than | em~, 


so that the transition 150 1 em~', assumed to be 0 — 1(A), gives a barrier of 


15 cal/mole. 

The barrier heights also depend on the structural parameter F, although they 
are not as sensitive to this as to the frequency. For example changing F for 
acetaldehyde from 7-696 to 7-896 em~! (2-6 per cent) changes V, from 1180 to 1154 
cal/mole (2-5 per cent). For most of the molecules considered in this paper, really 
good structural information is not available and it has been necessary to make 
guesses at bond distances and angles. Clearly, the barriers should be recalculated 
when more accurate data become available. In Table 2 we have given the source 
of the structural data and an estimate of its quality. 

2. Ethyl chloride (CH,CH,Cl). Structural data on this molecule are of fair 
quality [10], and a microwave study has given a value of 3560 cal/mole for the 
barrier [11]. Infrared absorption in the gas phase was found at 235-5, 243 + 1, 
1 with 243 being much weaker than the other two (Fig. 3a). We 
believe that these are rotational branches. The 7-5 and 8-5 cm~! separations 


and 251-5 em 


are within the range of values observed for other infrared bands of ethyl chloride 
(12). Attributing 243 cm~! to the 0—> 1(A) transition leads to a barrier of 3582 
cal/mole, in excellent agreement with the microwave value of 3560 cal/mole. 
Secause the barrier is relatively high, the splittings between the A- and E-sublevels 
are much too small for us to resolve. Even for vy = 2 it is only 2 em“. 

We were unable to find this absorption in a solid film. Similarly we were unable 
to find the 0 —- 2 transition, which is calculated from the barrier value to be at 
471 em~'. Weak bands were observed at 461 and 496 em~! which presumably 
have other origins. 

3. 1:1-Difluoroethane (CH,CHF,). Structural data for this molecule are very 
incomplete [13]. The vapor spectrum has absorption at 222 + 2cm~!'. The sample 
could not be condensed onto the cold plate, so the solid spectrum is not available. 
Assignment of 222 em~ to 0 — 1(A) gives a barrier of 1123 cm~! or 3210 cal/mole, 


10) R. S. Wacywer and B. P. Dattey, J. Chem. Phys. 26, 1588 (1957). 
11! D. R. Lipe, J. Chem. Phys. 30, 37 (1959). 
12) L. W. Daascn, C. Y. Liane and J. R. Nuevsen, J. Chem. Phys. 22, 1293 (1954). 
13) N. Sourmene and B. P. Dattey, J. Chem. Phys. 22, 2042 (1954). 
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in very good agreement with the microwave value of 3180 + 20 cal/mole [14]. 
Because the A—E£ splittings are small in both levels, essentially the same result 
would be obtained for 0— 1(£). No 0-2 nor 1 — 2 transition was observed. 
(They are expected at 430 and 203 em~!, respectively.) 

4. Methyl formate (HCOOCH,). CurRL has made a thorough microwave study 
of the structure and potential barrier of this compound [15]; his value for the 


A. CH,CH,CI 


B. HCOOCH, 


Percent Transmission 


b 


230 240 250 260 110 120 130 a0 150 
cm” 


Fig. 3. A. Infrared band of chloroethane. Slit width ~ 2-5cm~-!. One-meter cell, 74 em 
Hg pressure. B. Methyl formate. Slit width ~ 5-3cm-'. One-meter cell, 50cm Hg 
pressure. No bands of water or methanol were present. 


latter is 1190 + 40 cal/mole. Infrared absorption was found at 130 em~! (Fig. 3b). 
Assigning this to 0 —» 1(A) gives a barrier of 1164 cal/mole, in good agreement 
with CuRL’s result. 


B. Molecules measured in the solid state 

The remaining compounds were studied only as solids at about 77°K. The 
results are generally less reliable or complete than for the previous ones. There is 
a question about the change of frequency with state. Also there is a microwave 
determination of the barrier for only one of these compounds (CH,NCS), and it is 
quite inaccurate. Consequently the results presented here are only tentative. 

5 and 6. Methyl azide and methyl azide-d, (CH,N, and CD,N,). These sub- 
stances were studied as solids because there was insufficient sample for gas phase 
work. Frequencies were observed at 126 for CH,N, and 90 em~! for CD,N,. Their 
ratio is 1-40. This is surprising because it is very close to the ratio for harmonic 
vibrations, whereas the assumed potential function is far from harmonic. If these 
are arbitrarily assumed to be the 0 —> 1(A) transitions, the barrier height is calcu- 
lated to be 981 cal/mole for CH,N,, and 832 cal/mole for CD,N,. The agreement 
is not satisfactory. If they are taken to be the 0 — 2(£) transitions, the barriers 
are 303 and 289 cal/mole. The 0 — 2(A) transition for CH,N, would then be about 
100 em~!, where it could easily have been missed. For CD,N,, it would be be yond 


14] D. R. Herscusacn, J. Chem. Phys. 25, 358 (1956), 
15| R. F. Curn, Jr., J. Chem. Phys. 30, 1529 (1959). 
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our range. There is no microwave value for comparison. We leave the problem in 
this unsatisfactory state. Structural data for CH,N, are from Livixeston and 
Rao [16], and are good. The same dimensions were assumed for CD,N,. 

7. Methylisocyanate (CH,NCO). Again the solid state was used because of 
insufficient sample, and again there are no microwave results for comparison. The 
structural information is from Eyster eft al. [17]. Absorption was observed at 
143 em-!. If this is 0 1(A), the barrier is 1202 cal/mole. Results for two other 
assignments are given in Table 1. 

8. Methylisothiocyanate (CH,NCS). An unpublished microwave study has been 
made of this molecule which gives the F-value and a barrier of 275 + 150 cal/mole 
[18]. Infrared absorption was found at 128 cm~ in the solid. If this is due to the 
0 — 1(A) transition, the calculated barrier is 701 cal/mole, which is incompatible 
with the tentative microwave results. Assuming that 128 em~! is the 0 —> 2(A) 
transition gives V, = 384 cal/mole, but this then requires 0 —> 2(£) at 152cm~! 
where nothing was observed. If 128 cm~' is attributed to the 0 — 2(£) transition, 
the barrier is less than 50 cal/mole which again is incompatible with the microwave 
results. Consequently only the second assignment, giving V’, = 384 cal/mole, 
seems acceptable, but we are not confident that it is correct. 

9. Methylthiocyanate (CH,SCN). The vapor pressure of this compound is too 
small to give a gas-phase spectrum in the meter cell. In the liquid there is very 
broad absorption around 131 em~', but it was impossible to find the band center 
accurately. In the solid at 77°K there is a strong, broad absorption at 131 + 
1 em~!. Unfortunately the structural data are very poor [19], and there is no 
microwave-determined barrier. 

Attributing 131 em~! to 0 — 1(A) gives a barrier of 1005 cal/mole. Assigning 
it to 0 — 2(A) gives 497 cal/mole, but predicts 0 — 2(£) at 160 em~ where nothing 
was observed. Finally assigning it to 0 — 2(£) gives 304 cal/mole, and predicts 
0) —» 2(A) at 95 em~!. Nothing was observed there, but a weak band could easily 
be missed. 

Concluding remarks. The infrared and microwave results agree well for the four 
molecules studied in the gas phase. For the five examined as solids, the results 
must be regarded as tentative and unsatisfactory. It would be especially helpful 
to have higher resolution for the infrared work. 


(16) R. L. Lrveveston and C. N. R. Rao, J. Phys. Chem. 64, 756 (1960). 
[17) E. H. Eyster, R. H. Griverre and L, O. Brockway, J. Am. Chem. Soc. 62, 3236 (1940). 
[18] S. Srecer. Thesis, Harvard University (1959). Private communication from Prof. E, B, WiLson, 


[19] C. I. Bearp and B. P. Dartey, J. Am. Chem. Soc. 71, 929 (1949). 
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The determination of frequency shifts by differential spectroscopy 
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(Received 10 April 1961) 


Abstract—An equation is derived which relates the unbalance in a differential spectrum to the 
difference between the frequencies at which maximum absorption occurs in the reference and 
sample beams. Used in conjunction with the differential spectra of a solute dissolved in various 
solvents, the equation allows one to determine small solvent-induced infrared frequency shifts 
with conventional double-beam prism spectrometers. Under favourable conditions the shifts 
determined by the differential method using a sodium chloride prism are within 0-3 em™! of those 
measured with a high-resolution prism-grating instrument. Limitations of the method imposed 
by large frequency shifts, band asymmetry, or large differences in band width are presented. 
Potential extensions of the method to infrared optics of higher resolving power and to other 
spectral regions are discussed briefly. 


IN RECENT years, a number of investigations [1-6] have been concerned with the 
change in the vibrational frequencies of solute molecules on passing from the vapor 
to the solution phase. As these studies have become more detailed and refined, 
the significance of smaller frequency shifts (< 10 em~) has increased. In order to 
measure such shifts with reasonable accuracy, it is generally necessary that one use 
spectrometers of high dispersion and resolving power. 

However, BAKER [7] has pointed out that differential spectroscopy can be used 
effectively to discern qualitatively frequency differences as small as 0-3—0-4 em~!. 
Such an approach is particularly valuable in determining the order in a progression 
of closely spaced frequencies. It seemed logical, therefore, that an attempt should 
be made to place this differential method on a quantitative basis, thereby enabling 
one to measure accurately small frequency shifts with conventional double-beam 
prism spectrometers. 

Theory 

The basic concept involved in using differential spectra to determine frequency 
differences is illustrated in Fig. 1. The difference in absorbance between the 
maximum and minimum of the differential curve, AA, is obviously related to the 
frequency difference Av. If one knew the form of this relationship it would be 
possible to convert the experimentally observable quantity AA, to the desired 
frequency difference, Av. 


* 1960-61 N.A.S.—N.R.C. Postdoctoral Resident Research Associate; present address: Tennessee 
Eastman Company, Kingsport, Tenn. 
L. B. and A. D. E. Spectrochim. Acta 18, 34 (1958). 
[2] H. W. TuHompson and D. J. JEwELL, Spectrochim. Acta 13, 254 (1958). 
L. J. H. E. and R. L. Trans. Faraday Soc. 54, 1120 (1958). 
[4] L. J. Bettamy and R. L. Witiiams, Proc. Roy. Soc. (London) A255, 22 (1960). 
(5) A. D. E. Puri, Spectrochim. Acta 16, 12 (1960). 
[6] G. L. Catpow and H, W. THompson, Proc. Roy. Soc. (London) A254, 1 (1960). 
[7] A. W. Baker, J. Am. Chem. Soc. 62, 744 (1958). 
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Let us first assume that the reference and sample beams of a double-beam 
spectrometer contain cells filled with a common absorbing solute dissolved in 
different, non-absorbing solvents. The observed differential transmittance, 7',, is 
given by 


Ty exp | (1) 


where 7’, is the transmittance when the absorbance of the reference and sample 
cells are equal, and A, and A, are the absorbances of the sample and reference 


Fig. 1, General relations between differential absorbance and frequency shift. 


cells, respectively. The value of 7, may be varied to fit the exigencies of any 
given situation. In the present study, a value of unity was used in order to achieve 
maximum sensitivity. 
The frequency dependence of many absorption bands in the liquid state is 
represented by the Lorentz equation, 
A In (/,/7), 


a 


(y — v,)? + 6? 


where v, is the frequency at the band maximum. Manipulation of equation (2) 
readily vields the maximum absorbance A ,,,, = a/b? and the width at half intensity 
\v, . = 2). Before applying equation (2) to equation (1), it is necessary that one 
make certain assumptions concerning the reference and sample absorption bands. 
By a proper choice of concentrations, A, and A, can be made equal. Furthermore, 
it will be assumed that b, = b, = b, ie. the half-width of the solute absorption 
band is the same in both reference and sample solvents. This is a valid assumption 
if the two solvents are not too different in polarity, basicity, etc. If these two 
conditions are fulfilled, it follows that a, = a, a. Thus, equation (1) may be 
rewritten as 
a 


A, =n 1/7, (3) 


(py — 


where v, and », are the vibrational frequencies of the solute molecule in the sample 
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and reference solvents, respectively. Let us further define Avy = » y, and 


r 


f = (v — »,)/6. Substitution of these definitions into equation (3) yields 


| 1 | 


In order to evaluate the AA shown in Fig. | in terms of Ay, it is necessary that 
the maximum and minimum values of A, be determined. To accomplish this, one 
differentiates with respect to f and solves the equation dA,/df = 0. Before proceed- 
ing with the actual differentiation, it is convenient to make several simplifying 


substitutions, namely, thate = Av/bandg = f + ¢/2. Equation (4) thus becomes, 
a 2qc 
b? | + — c®#/2) + c*/16 + + 1 


Differentiating with respect to g, and equating to zero one obtains 
‘ 2 2 
3g* + (2 — c*/2)g (c?/4 + 1)? = 0 (6) 
After considerable manipulation, the solution of equation (6) in terms of f and ¢ is, 


+ 4c? + 16) — (2 — c?/2)] 

: (7) 
6 

Recalling that c Av/b, where Av v, vy, and 24 Av, the band width 

at half intensity, one can make a reasonable estimate of the range of c. For most 


carbonyl bands, which will be given specific attention later, Ay,. < 16 em-, 
Moreover, we shall limit Avy to +16 cm~', so that the range of ¢ is +2. Using 


arbitrary values of c, and equation (7), the curves shown in Fig. 2 were constructed. 

For negative values of f, which correspond to the minima in the differential 
spectra, the absorbance, A,, is positive and hence measurable. However, by 
choosing 7’, = 1, one obtains negative values for A, when f is positive. This means, 
of course, that 7’, is greater than unity and hence cannot be measured. To alleviate 
this situation, the sample and reference cells are simply interchanged and the 
spectrum re-run. Reflection will show that the two absorbance values observed in 
this manner are theoretically equal. Thus, their sum, AA is given by, 


AA 2A max +c)? + 4 


Using a value of Ay, = 0°70, and the values of f. given in Fig. 2, a plot of AA 
as a function of Av for a given 24 (or Av,,.) can be constructed, as shown in Fig. 3. 
From these curves and knowing AA and Av, ., which are experimentally observable 
quantities, one can readily determine Ay, the frequency difference between a 
vibrational frequency in the reference solvent and any other solvent. 

Having developed a theoretical expression for the relationship between AA and 
Av it is necessary that one verify it by experiment. The details of the experimental 
aspects of this problem are given in subsequent sections. However, before pro- 
ceeding to this, it seems desirable to point out briefly some of the primary features 
of the relationship given by equation (8) and shown graphically in Fig. 3. First, 
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all other factors being equal, the greater A,,,,, the greater will be AA. Thus. one 
should adjust the concentration and cell thickness in order to achieve the strongest 


bands possible within the limits set by the response, resolution and noise level of 


the spectrometer. Secondly, other factors being equal, AA increases as Ar, » 


decreases. Thus the differential method is more sensitive for sharper bands than 


it is for broader bands. 


Experimental procedures 
The differential spectra were observed with a Perkin-Elmer model 21 spectro- 
photometer equipped with sodium chloride optics. Instrumental parameters were 


chosen so as to give maximum resolution commensurate with satisfactory response 


and noise level. For most runs, a slit schedule of 875 was used which corresponds 


to a mechanical slit width of 30 4 at a wavelength of 5-80 u. The concentration of 


the solutions varied from 0-06 to 0-10 volume fraction of solute. depending upon 


the solvent used. In the case of acetone, for example, such solvents as chloroform 


and methylene iodide enhanced the absorptivity of the acetone carbonyl! vibration 


and hence required a lower concentration of solute to yield the required absorbance 
of 0-70, 
In addition to the differential measurements. each solvent—solute system was 


also studied with a grating spectrometer. The instrument used was a Perkin 


Elmer model 99 monochromator, equipped with a 75 lines/mm Bausch and Lomb 
plane grating blazed for 12 « in the first order. A potassium bromide fore-prism 


was employed to isolate the grating orders. Wavelength calibration was based on 
the spectrum of water vapor as reported by Nretsen [8] and Benepict ef al. [9]. 


Interference by atmospheric water vapor absorption was reduced to a low level by 


enclosing the entire spectrometer in a dry-box. Drying was accomplished by 


flushing with nitrogen and recirculation through a bed of magnesium perchlorate 


The weak bands due to residual water vapor provided excellent wavelength 


calibration points. 
All chemicals used in this study were of C.P. or spectral grade purity or were 


freshly re-distilled prior to usage. 


Results and discussion 
The differential method was first applied to the measurement of the carbony! 
stretching frequency of acetone in a variety of solvents. A number of previous 


investigations of solvent—solute interactions have used acetone as the solute. so 


that a comparison of data was possible. 

The carbonyl frequency of acetone in carbon tetrachloride was used as the 
reference frequency, v,, in the differential method. The observed AA’s and the 
Av's of Table | are plotted in Fig. 4. The dashed curve represents the theoretical 
curve given in Fig. 3 for a Av,, of 15 em~'. This Ay, value corresponds to the 
average of the observed band widths at half intensity for the C—O band in question. 
It is evident from Fig. 4, that in the case of the C—O band of acetone, at least. 
one can use the theoretically predicted relationship to accurately determine Av’s 


8| H. H. Nrevsex, Phys. Rev. 59, 565 (1941). 
W. S. Bewepict, H. H. Claassen and R. Suaw, J. Research Natl. Bur. Standards 49, 91 (1952) 
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Fig. 4. Comparison of experimental (@) and theoretical ( ) frequency shifts (C—O) 
for acetone (see Table | for identification of solvents). 


Table 1. Frequency of the carbonyl! band of acetone in various solvents 


Ar 
Solvent (er 1) 
cm 


n-Hexane (20)* 1720: 
Cyclohexane (19) 1719-6 
Tetrachloroethylene (18) 1717-4 
Carbon tetrachloride (17) 1717:: 
Toluene (16) 1716-$ 
Tetrahvdrofuran (15) 1716:: 
Carbon disulfide (13) 1716- 
jenzene (14) 1715: 
Fluorobenzene (12) 1715: 
Chlorobenzene (11) 1715: 
Bromobenzene (10) 1714: 
lodobenzene (8) 1713- 
Acetonitrile (9) 1712: 
Methylene chloride (5) 1712-3 
Ethy lene dichloride (6) 1712: 
Pyridine (7) 1712: 
Chloroform (4) 1711- 
Methy lene bromide (3) 1709-¢ 
Bromoform (2) 1708- 
Methylene iodide (1) 1707- 


* Refers to experimental points in Fig. 4. 
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from the observed AA's. The average difference between the observed and eal- 


culated Av’s is only +0-26 em~', which is comparable to the experimental error 


of the frequency measurements themselves. 
Having shown that the theoretical and observed Ay’s were in good agreement 
for the carbonyl! band of acetone, it seemed desirable to test the validity of equation 


(8) for more extreme cases. To study very small frequency shifts, the halogenated 
acetone, CF,Cl—CO—CFCI, was chosen. The frequencies of the carbonyl! band of 
this molecule in various solvents are tabulated in Table 2. For this solute the 
total shift in carbonyl frequency in going from n-hexane to methylene bromide is 


ay, cm 


Comparison of experimental (@) and theoretical ( ) frequency shifts (C—O) 
for CF,Cl—CO— CFC, (see Table 2 for identification of solvents). 


Fig. 5. 


only 2-6 em~!. Differential spectra of the same solutions were also obtained and 
in Fig. 5 the observed AA’s are plotted as a function of the Av’s listed in Table 2. 
The dashed curve represents the theoretical curve based on a half width of 12 em~'. 
Again the agreement between theory and experiment is excellent, the average 
difference being only +0-12 em~. 

Because one is primarily interested in Ay rather than » values, a somewhat 
different approach was taken in analyzing the grating spectra. Since the concen- 
tration of solute was chosen to give essentially equal peak absorbances in all 
solvents, it was quite easy to superimpose the spectrum of any solution with that 
of CF,CI—CO—CFCI, in carbon tetrachloride, the reference solvent. This having 


been accomplished, Avy was measured from the shift in water vapor bands. This 
resulted in more accurate values since the problem is further complicated in the 
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ease of CF,CI—CO—CFCI, because the carbonyl band appears to be a closely 


spaced doublet (separated by 3 em~'). The doublet is probably due to the presence 
of rotational isomers. 


Table 2. Frequency of th» carbonyl ba ‘EF .CL—CO—CFCI, in various solvents 


Solvent 
1) 


em 


n-Hexane (12)* 
(Cyclohexane (11) 
Carbon tetrachloride (10) 1787-9 
Acetonitrile (9) 1787-5 
Methvlen chloride (7) L787°3 


Fluorobenzene (8) 1787-2 


Benzene (6) 1787°1 
Chloroform (4) 1787 

Carbon disulfide (3) 1786-9 
1:1 Carbon tetrachloric sol (5 1786-9 
Bromoform (1) 1786-1 
Methvlene bromide (2) 1786-1 


to to te to te te te te 


1788-9 
1794-2 


» experimental points in Fig. 5. 


VOL. 
So far. we have been concerned with rather small frequency shifts, i.e. less than : a7 
10 em. An examination of Fig. 3 shows that as Ay increases, the slope decreases tA 
so that the accuracy of the differential method decreases. In order to study these 
problems, the carbonyl frequency of cyclohexanone in a number of solvents was 
studied and the results are given in Table 3. 
The absorbance difference AA, obtained from differential studies, is plotted 
as a function of Ay in Fig. 6. The dashed curve is the theoretical relationship for 
bony! frequency of cyclohexanone in various solvents 
Solvent 
Hexane (13)* 1722-0 
Cyelohexane (12 1721-2 
Tetrachloroethvlene (11) 1718-1 
irbon tetrachloride (10) 1716-3 
Carbon disulfide (8) 1716 
Toluene (9) 1715-6 J 
Benzene (7) 1713 : 
Acetonitrile (6) : 


Methvlene chloride (5 1706-4 
(hloroform (4 1704 
Methvlene bromide (3) 1704: 
Bromoform (2 1701 
Methvlene iodide (1) L700- 


* Refers to experimental points in Fig. 6. 


Ar Ai 1/2 
(em-}) (emt) 
Os 12:1 
O-3 11.8 
0-0 11-8 
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0-8 
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1a 
ifs 
1-8 
ibs 
Pure liquid 
Vapor 
- 
17-1 
17-6 19-4 
17-7 18-0) 
20-2 17-8 
4 21-3 17-7 
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a band width at half-intensity of 18 em~!, which is the average of the observed 
values. It is apparent that several of the experimental points are in serious dis- 
agreement with the theoretical curve. In particular, the deviation of the data for 
tetrachloroethylene, carbon tetrachloride, toluene, carbon disulfide and benzene 
exceeds the experimental error by approximately a factor 10. In order to obtain 


g. 6. Experimental (@) and theoretical | frequency shifts (C—O) for cyclohexanone 
using a solution in n-hexane as reference (solvents identified in Table 3 


reasonable agreement between theory and experiment for these solvents one would 
be forced to use an apparent half-width of 14 em~! which cannot be justified in 
view of the observed half-widths given in Table 3. 

There are several possible explanations for this large deviation, but none are 
completely satisfactory. One such explanation is based on the rather large differ- 
ences in the half-width of the carbonyl band in the various solvents whereas the 
theoretical approach assumes equal half widths in all solvents. To evaluate this 
factor, differential curves were numerically synthesized using a solute band half- 


width of 15-5 em~! in the reference solvent and 19-7 em~! 


in the sample solvent 
The AA values thus obtained were not significantly different from those calculated 
for equal half-widths of 18 em~!. These results are further confirmed by the 
observed data for chloroform (Av, , 19-4 em~'!), which is excellent agreement 
with the theoretical curve. 

A second possible explanation is based on the fact that the observed band 


shapes are non-Lorentzian. An admittedly cursory examination of this problem 


indicates that as long as the bands are symmetrical, considerable departure from 
the ideal Lorentz shape can be tolerated without appreciably changing the idealized 
AA vs. Av relationship given in equation (9). However, unsymmetrical band shapes 
drastically influence the quantitative and qualitative aspects of the differentia! 
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spectra. Such a situation obtains in the case of the carbonyl! band of cyclohexanone 
in carbon tetrachloride solution and to a lesser degree in tetrachloroethylene, 
toluene, benzene and carbon disulfide. This asymmetry appears to be due to the 
presence of several species (which we shall call I and II for purposes of discussion) 
of solute-solvent complexes, the relative abundances of which depend upon the 
solvent. For relatively inert solvents such as n-hexane and cyclohexane only, 
species I exists while for the relatively active solvents such as chloroform and 
bromoform species Il predominates. In both cases, one has essentially symmetrical 


bands. Solvents such as carbon tetrachloride represent intermediate cases where 
both species are present in appreciable but different amounts.* This results in 


Os 


Fig. 7. Experimental (@) and theoretical | ) frequency shifts (C=O) for cyclohexanone 
using a solution in methylene chloride as reference (solvents identified in Table 3). 


asymmetrical bands. By reducing the concentration of the solute (0-004 volume 
fraction) it was possible to shift the equilibria and thus improve the symmetry of 
the bands. This resulted in a slight improvement in the agreement between experi- 
mental and theoretical AA values. However, the deviation still exceeded the 
experimental error by a considerable amount. 

It is also apparent that for large Av values, a slight error in AA results in a 
large error in the calculated Av. This situation can be improved by choosing a 
different reference solvent, as illustrated in Fig. 7. Solutions of cyclohexane in 
solvents 1-6 of Table 3 were re-investigated using methylene chloride as the 
reference solvent. The accuracy was increased significantly by this approach, the 
average deviation being reduced to +0-2 em~. 


* Detailed studies of these solvent—solute complexes will be reported ina separate publication. 
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The determination of frequency shifts by differential spectroscopy 


Preliminary results obtained with the ultraviolet absorption bands of benzene 
indicate that the differential method can also be used to determine ultraviolet 
frequency shifts. Although ultraviolet bands are generally much broader than 
those in the infrared region, the shifts on a wavenumber scale are correspondingly 
larger. Curves similar to those shown in Fig. 3 can be prepared for the appropriate 
band widths and frequency shifts using values of f obtained from Fig. 2. 

By using a high-resolution, double-beam grating spectrometer, it may also be 
possible to apply the differential method to the measurement of extremely small 
shifts in the frequency of very narrow bands. Thus one could observe shifts as 
small as 0-01 em~! in the vibration—rotation spectra of gases if the present theory 
is applicable. 

Conclusions 

The accurate measurement of small frequency differences by means of differ- 
ential spectroscopy is apparently feasible if certain conditions are fulfilled. These 
conditions are: (1) the frequency differences should be small, i.e. less than 10 em~; 
(2) band half-widths in reference and sample solvents should be similar; and (3) 
band shapes should approximate the Lorentz shape and most importantly should 
be symmetrical. 

In the case of the carbony! stretching vibrations of acetone and CF,Cl1—CO 
(FCI, the average deviation between experimental and calculated frequency 
differences was + 0-26 and + 0-12 cm~', respectively. Study of the frequency of the 
carbonyl band of cyclohexanone in six selected solvents which closely fulfill the 
above conditions yielded an average deviation of +0-2 cm~'. These measurements 
represent a significant improvement in accuracy over direct measurements made 
with conventional double-beam prism spectrometers. 

On the other hand, departure from the above conditions results in a marked 
decrease in accuracy, as exemplified by the carbonyl band of cyclohexanone in 
certain solvents which result in unsymmetrical bands. The deviation of experiment 
and theory in this case is 1-8 em~', a value so large that it invalidates the differential 
approach in this particular case. 
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A high-intensity red source for Raman spectroscopy 


Francis X. Powe, R. Liprpixncorr and DEREK STEELE 
Department of Chemistry, University of Maryland, 
College Park, Maryland 


(Received 23 April 1961) 
Abstract—The problem of excitation of Raman spectra of colored compounds is discussed. As 
a partial solution to this problem high-intensity cadmium and potassium lamps excited by 
radiofrequency radiation have been constructed. Spectra of carbon tetrachloride and azo- 
benzene measured with such a cadmium lamp are shown and a brief discussion of the vibrational 


spectra of azobenzene presented. 


MonocuroMatic red sources are of special interest in Raman spectroscopy since 
the blue and green lines of conventional mercury arcs are absorbed by compounds 
of only moderate coloration. Recent efforts [1-3] have shown that the yellow and 
red lines of helium and the yellow doublet of sodium are useful in obtaining 
Raman spectra of moderately colored compounds. The work of Ham and WaLsu [2] 
is of special interest since as an alternative to a range of conventional discharge 
lamps, they used a series of annular electrodeless lamps which were powered by a 
microwave source. They illustrated the method with lamps which individually 
contained helium, mercury and sodium and showed that useful spectra could be 
obtained in short periods of time for He 5876 A, Hg 4358 A, Hg 5461 A, and 
Na 5889-5896 A excitation, respectively. MILLER and Carison [4] have used 


lamps of this design to achieve Raman spectra with the 7065 A line of helium. 


The red lines of helium at 7065-7281 A are relatively weak and necessitate long 
exposure times. In addition, microwave-powered lamps appear to be limited by 
the necessity of using small dimensions for effective transfer of power. The 
resonance Raman effect is useful when a choice of exciting lines is available, and 
the application of optimum concentration techniques [5] can vield a maximum 
intensity for Raman scattering for substances which absorb wavelengths near the 
exciting line. However, these two methods are limited to special samples. Thus 
the problem of observing spectra for intensely colored substances such as azo- 
henzene, azulene, etc., still remains 

As a partial solution to this problem we have constructed high-intensity 
cadmium and potassium ares which are powered by a high-frequency (HF) gener- 
ator. The technique used has had applications elsewhere |6—9], but not to Raman 
spectroscopy. 

The excitation of cadmium and potassium, which vield strong lines at 6438 A 
and 7664-7699 A, respectively, was accomplished in a Pyrex annulus without the 
use of electrodes. The discharges are electromagnetic in nature and are readily 
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A high-intensity red source for Raman spectroscopy 


explained by analogy with elementary transformer theory: when a tube of gas at 
low pressure is inserted into a wire helix which is excited with radiofrequency 


energy, the gas will be partially ionized as a result of dielectric loss. If the excita- 
tion is great enough the ionization will be virtually complete and as a result the 


gas will approximate a shorted turn to the inducing coil. Dielectric loss is character- 


ized by a weak glow and high load impedance as seen by the primary, while 
transformer action is characterized by a brilliant discharge and low load impedance 
as seen by the primary. Collisions within the gas serve to dissipate energy, and 


thus the gas serves as transformer secondary and load. 


Experimental 
The annuli were constructed of Pyrex and are five inches long, 100 mm o.d. 
and 65mm i.d. A 10-mm pump-out tube was welded to one end of an annulus. 


The outside of the annulus was covered with a sheet of wet asbestos paper which 


had been painted with a water slurry of magnesium oxide. When dry, the asbestos 


paper forms a hard, adherent heat insulator necessary for proper vaporization of 


the metal, and the magnesium oxide serves as an excellent reflector for the exciting 
radiation. 
The load circuit is eighteen turns of }-in. copper tubing, }-in. between 


turns and 110 mmi.d. This is resonated with a 75-4uF variable capacitor in 
parallel and is fed at the fifth turn by RG—11/U coax. The annulus is inside the 


copper coil during operation. This assembly is mounted on a }-in. thick transite 


platform which is directly over the spectrograph slit illumination system. 
The exciter is a 150-W generator (3550 ke erystal, 6AG7—-ECO, 6V6 push—push 
doubler and 807 push-pull output) used in the preliminary experiments. The 


plate transformer for the 807’s is Variac controlled to give 20-35 W for an E.F. 
Johnson kilowatt amplifier which features two paralleled tetrodes (Eimac 4—400A) 


feeding a z-network output. This amplifier is not completely satisfactory as the 


866 rectifiers need extra cooling to prevent are-back and the plate transformer is 
overloaded during continuous (2—5 hr) duty at 1 kW. 


Shielding is accomplished by enclosing all apparatus within a well grounded 


copper screen. 


Initial operation of the lamps is accomplished in the following manner. Three 
grams of distilled metal are dropped through the pump out tube of an annulus. 


The annulus is then inserted into the load coil and the pump out tube connected 


to the vacuum line. When the pressure in the annulus has reached ~| 1o-° mm 


Hg a heater is inserted in the annulus and the temperature slowly raised until the 


annulus is at 200—-250°C for cadmium or 150—200°C for potassium. With the load 


capacitor set at minimum the amplifier and exciter are then switched on. If the 


vacuum is good and the temperature sufficiently high, the lamp will light spon- 


taneously. The load capacitor is then increased until the lamp reaches maximum 


brightness, the amplifier plates re-tuned, and the pi network adjusted to 1 kW 


input to amplifier plates. After 5-20 min of operation, about half the metal will 


have distilled from the annulus, at which time the vacuum line is sealed off very 


close to the annulus. The lamp can be restarted by preheating to the proper 


temperature and then applying power. 
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A high-intensity red source for Raman spectroscopy 


All spectra have been taken on a JACO f/6-3 grating spectrograph that has a 
dispersion of 19 A/mm, with the blaze at 7500 A. The photographic plates used 
were Eastman Kodak 103—aF for the range 6400-7000 A, 103—aU for 7000-7500 A 
and 1-N plates for the 7500-8400 range. Standard techniques were used in 
photographing and developing the spectra. The plates were not hypersensitized. 
The type of excitation, the type of photographic plate, and the concentration of 
sample were the factors which determined the time of exposure. Reference spectra 
were recorded below each Raman spectrum by means of a }W neon lamp. These 
reference spectra contain blue lines appearing in the second order of the spectro- 
graph as well as some of the stronger lines of argon. Optical filtration was used to 
remove high-frequency lines from cadmium and potassium since they would 
appear in the Raman region as a result of diffraction in higher orders. An acidified 
solution of potassium dichromate was adequate as a filter for work with the 
6438 A line of cadmium. However, a solution of phenol sulfonphthalein (phenol 
red), which was used for the 7664-7699 doublet of potassium, was equally satis- 
factory. 

The sample tubes were 10 mm o.d. Pyrex and were filled to a height of about 
Sin. by standard techniques. These tubes were then mounted in a water cooled 
filter jacket which was inserted into the annulus during operation. 


Performance 


Cadmium arcs 

With operation in excess of 100 hr the cadmium are shows no apparent 
deterioration in either metal or glass. This are is readily reignited when properly 
preheated. The spectrum of this are contains only five relatively weak lines at 
wavelengths in the region of interest above the intense 6438 A line. Some inter- 


ference from grating ghosts is present at ~150 cm~! to either side of the 6438 A 
line. 


Potassium arcs 

The potassium are, although usable, shows an unusual amount of Stokes 
clutter. A sharp doublet at 8183-8195 A is attributed to sodium impurity, and 
the other lines are as yet unassigned. There is a considerable continuum that 
appears on the plates in the region close to the 7664-7699 doublet and also there 
are broad bands through the Stokes region. These can probably be reduced in 
intensity by control of the potassium pressure. Potassium ares in Pyrex annuli 
deteriorate rapidly. The glass is rather severly etched by the action of the hot 
potassium and the color of the glass varies from light brown to almost black 
depending on the amount of usage. Lamps that have been in operation for 15—20 
hr are difficult to reignite. We expect that silica annuli will be of considerable 
effect in reducing the amount of deterioration in these lamps. Further investi- 
gation of this possibility is in progress. * 

* The use of silica has not improved the quality of this are. Instructions for coating the Pyrex annuli 
were obtained from the Corning Glass Works, Corning, New York. The use of this coating (Corning K 
coat) has greatly extended the life of the potassium annuli. We are presently using such a coated 


annulus to investigate the Raman spectra of cyclo-octatetraene-iron tricarbonyl, azulene and other 
highly colored substances. 
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Table 1. Raman frequencies of azobenzene 


Fre quency 


Assignment * 

209 w N-ring def. 

246 w N-ring def. 

614 w by Rew 

663 vw 

719 vw 

S60 w 

SUS vw 

932 vw 

1005 s 

1030 vw 

1144 vs 

1164 sh 

a, Boy 

1213 w CN stretch 

1263 vw CN stretch (7%) 
hy 

1419 vs N N stretch (trans) 
1469 s N-=N stretch (c/s) 
1492 m Oy Ve 

1593 s a, and 6, 3 


1 


class designations are for isolated mono 


tuted benzene rings and follow the recommendations « 
MULLIKEN 10), 


Spectra 

Raman spectra have been recorded for iron pentacarbonyl, carbon tetra- 
chloride, hexachloro-1:3-butadiene, frans-hexatriene and azobenzene. Two of 
these are illustrated in Figs. | and 2, which are densitometer tracings of the 
observed spectra. The Raman spectrum of azobenzene has not been previously 
observed and is tabulated in Table 1. A brief discussion is presented. 

The Raman spectrum of molten azobenzene and of a solution of azobenzene in 
benzene were measured with the cadmium are. The solution spectrum was also 
taken with the potassium annulus. As might be expected from the non-planar 
molecular configuration, the Raman as well as the infrared spectrum exhibits the 
characteristic features of mono-substituted benzene rings superimposed on the 
spectral bands associated with the cis and trans C—N=-N—C groupings. The 
very strong Raman band at 1419 em~! clearly arises from the —N—N— stretching 
vibration of the frans-form. There is no trace of infrared absorption at this 
frequency. The cis-counterpart of this band is at 1469 cm~!. By elimination of 
the bands known to be associated with the phenyl groups [11] the C——N stretch 
of one of the forms is seen to be at 1213 em~! and two of the N—C,H, deformation 
modes at 209 and 246cm~'. A more complete assignment will be undertaken 
when we have achieved the Raman spectrum of the solid material. 
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On the sensitivity of emission spectrochemical analysis 


S. L. MANDELSTAM and V. V. NepLerR 


Academy of Sciences, Moscow 


(Received 5 July 1960 and translated from the Russian) 


Abstract—The limits of sensitivity of spectrochemical analysis are theoretically considered. 
The minimum amount of an element in a specimen which can be analysed is determined by 


that concentration which will give a signal from a spectral line which is several times greater 


than the average fluctuation of the signal from the radiation detector due to the background. 


The electronic impact excitation of the atoms is considered, and the dependence of the signal-to- 


noise ratio on electron concentration in the emitting region of the source. the parameters of the 


spectrometer and other factors, are investigated. Numerical calculations are carried out on the 


sensitivity of spectrochemical analysis using as sources of excitation an arc, and a hollow cathode 


discharge tube. The calculated sensitivity is greater by two or three orders of magnitude than 


the sensitivity obtained in the practical spectrochemical methods. The main loss in sensitiv, ity 


occurs in the ineffective transfer of atoms contained in the specimen into the emitting region 


of the source, and retaining the atoms in this zone. Improvement in these ineffective parts of 


spectroscopic methods of analysis, and also improvements in methods of concentrating the 


specimens will open up a further reserve for increasing the sensitivity of spectrochemical analysis. 


tECENT years have brought about increasing demands on the sensitivity of 
spectrochemical methods of analysis. From 15 to 20 years ago a sensitivity of 
from 10-* to LO~* per cent was quite sufficient for main problems concerned with 
product control in industry, but with the growth of production of materials for 


atomic industry, methods were necessary with sensitivities of the order of 10-5- 


10~° per cent; recently, in semiconductor technology, determinations are necessary 


8 


which demand sensitivities of 10 10-* per cent. 


Sensitivities of 10-%-10~4 per cent were reached by classical methods, namely, 


introducing the sample directly into the source for exciting the spectrum, i.e. a 


flame. are or spark. An increase in the sensitivity by two or three orders of magni- 


tude was successfully accomplished by the development of new techniques, the 


majority of which were based on different physical or physicochemical methods of 


concentrating the specimen, e.g. by using fractional vaporization, and partly by 


using new methods of exciting the spectrum, e.g. the hollow cathode. The greatest 


increase in sensitivity of spectroanalytical methods during the last few years, has 


been obtained by these techniques | 1, 2]. 


It would be useful to attempt a theoretical estimation of the limits of sensitivity 


of spectrochemical analysis, and we present below the results of these calculations. 


It is important to note the following at this point; many processes taking place 


in the source which have a substantial influence on the intensity of the spectral! 
lines, are still not sufficiently understood; the values of many quantities which 


enter into the calculation are not exactly known. Therefore, at the present time 


| L. V. Lipis, Uspkh. Fiz. Nauk. 18, 71 (1959). 
{2} L. N. Fitimonov, Zavodskaya Lab. 25, 936 (1959). 
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one must not count on obtaining exact quantitative estimations of the analytical 
sensitivity. The aim of our calculation chiefly is to reveal the relative roles of the 
basic physical factors which are involved in determining the sensitivity of spectro- 
chemical analysis. This would then permit one to establish ways of increasing 
the sensitivity of determinations. 

Undoubtedly the majority of methods used in practical analysis now adavs have 
not reached the limit of their possibilities, for example the use of higher purity 
carbon electrodes, reagents, etc., would permit a considerable increase in the 
sensitivity of these methods. These ways are. however, self-evident and do not 
require any special treatment. 

Let us choose the photoelectrical registration of the spectrum. Let T, denote 
the phototube current which would be given by the analysis line from the element. 
and 7’, the current in the absence of this element in the specimen (this is made 


up by the continuous background spectrum of the source and the dark current of 


the photomultiplier). In order to find out whether or not the analysing element is 
present in the sample, we must in principle carry out two series of determinations: 
(1) The measurement of the intensity of the signal from the line in the spectrum 
of the specimen: 7’, + T'p. 
(2) The measurement of the intensity of the signal from a specimen known not 
to contain the element under analysis, or from a portion of the spectrum 
in the neighbourhood of the line. 


If both of the signals 7, and 7’, had a constant magnitude in the two sets of 


measurements, then by using a sufficiently large amplification of the photocell 
current, it would in principle be possible to measure any small increase in 7’, — 7’, 


over 7',,. This would mean that any desired sensitivity could be obtained. In fact, 
however, both signals fluctuate. Therefore we can establish a line in the spectrum 


only if 


Knowing the magnitude of the signal fluctuations A7’. it is possible from this to 
determine the minimum signal from the line 7',, and hence the limiting analytical 
sensitivity. 

The magnitude of AT is made up of variations introduced by the light source 
errors in measuring the signal, and signal fluctuations from the phototube. 
Variations in the light source can in principle be eliminated, if 7, is measured 
simultaneously with 7, + 7',, for example, in the neighbourhood of the line. and 
having chosen the line homologous with the background. Errors in measuring 


the signals may not be considered in the first approximation. For the purposes of 


further calculations, the practical limit of analytical sensitivity, i.e. the minimum 
detectable concentration of an element in a sample, can be taken as that concentra- 
tion which produce a signal from the spectral line of that element ten times 
greater than the average fluctuation, produced by the phototube, of the signal 


from the background: 


It may be noted that the situation is exactly similar in the case of photographic 
recording of the spectra. When the measurement of the density is carried out 
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with the help of a sufficiently sensitive microphotometer over the spot on the film 
where the line is expected and on the adjoining portion, where there is only back- 
ground, we can determine whether or not the line is present if the density in that 
place is greater than in an adjoining part by an amount larger than the average 
fluctuation of the density. This formulation of the question has been given for the 
first time by Katser [3]. 

Let us now consider on what factors the signal to noise ratio 7',/A7', depends. 

The photocurrent produced by the spectral line is given by 


ay PF,’ (3) 


Where F,’ is the luminous flux from the line, falling on the photomultiplier, 
y is the sensitivity of the multiplier expressed in amperes per lumen, and ~ is the 
mechanical equivalent of light. « = 0-68 » 10-4 lumens/erg sec~!. The luminous 


flux coming from the spectral line is given by 


Isb Q (4) 


us 


where j, is the intensity of the line in the emitting volume of the source, / is the 
diameter of the emitting volume, s and 6 are the width and height, respectively, 
of the entrance slits of the spectrometer, and Q is the speed of the collimator lens. 
Let us now write a general expression for the intensity of lines; the electron 
impact mechanism is suggested for the excitation over a wide range of electron 
concentrations. The balance between the formation of excited atoms and the 
deactivation of excited atoms in the emitting region of the source can be written 

thus: 
(5) 


Here JN, is the concentration of unexcited atoms of the element under observation 
in the emitting volume of the source, NV, is the concentration of excited atoms, and N, 
is the concentration of electrons. A is the probability of spontaneous emission. 
o and o’ are cross-sections for collisions of the first and second kind between atoms 
and electrons. v and v’ are the speeds of electrons before and after collision, these 
are connected by the expression 


9 
me 


» 


where 7 is the energy of excitation of the analysis line. The velocity distribution 
of the electrons is assumed Maxwellian, corresponding to a temperature of 7',; 


the angular brackets denote ov averaged over the Maxwell velocity distribution. 

The first term in (5) gives the rate of formation of excited atoms by collisions 
of the first kind with electrons, the second gives the rate of deactivation of excited 
atoms, due to collisions of the second kind with electrons, and the third gives the 
number of excited atoms which are lost due to spontaneous emission. 


(3) H. Kaiser, Spectrochim. Acta 3, 40 (1947). 
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From (5) we get 


1 + A/N, a'v 


Using the Kleine—Rosseland relationship 


ov 
= exp (—z kT.) 


ot 


we have for the intensity of the spectral line 
hyN,A exp (—z/kT,) 
1 + A/N, (o'v’ 


j hvAN, (6) 


If the electron concentration in the emitting region of the source is large, then 
the second term in (5) is considerably larger than the third (the loss of excited 
atoms is mainly due to collisions with electrons). Under these conditions the 
second term in the denominator of (6) is very much smaller than 1, and so (6) 


simplifies to: 


je = hvAN, exp (—z/kT,) (7) 


The second limiting case is when NV, is small, and the loss of excited atoms 
is due mainly to spontaneous emission. Now the second term in (5) is very much 
smaller than the third, and sothe second term inthe denominator of (6) is considerably 
larger than 1. Equation (6) then becomes: 


4, hyN,N, (ov (8) 


Putting (6) and (4) into (3) we obtain the expression for the photocurrent, produced 


by the analysis line 


xylsbQ hyN,A exp (—7z/kT,) 
1 + A/N, 


(9) 


Let us now calculate the magnitude of A7’». The current 7’, is made up of the 
photomultiplier’s dark current 7’,, and that due to the continuous background of 
the spectrum 7’... The average variation of the background current is given by a well 


known equation 


AT p = V 2eBMr (Ty + Te) (10) 


where B is a constant ~ 2,5, M is the amplification factor of the photomultiplier, 


and + is the time of the measurement. 
The photocurrent from the continuous spectrum is related to the luminous 


flux of the continuum, by the expression 


ay (11) 
and 
F,.’ Q dy (12) 
7 


where ¢, is the intensity of the continuum, I, s, b and Q have the meaning as before, 
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and dy denotes the width of the portion of the spectrum which passes through the 
exit slit of the spectrometer; 
dy 10-7 D 
A? 
where s’ is the width of the exit slit, and D is the dispersion of the instrument 
(in A/mm). 

In order to estimate ¢, we assume that the continuum has a minimum value 
for the given source. That is to say that it depends only on the electron-ion 
interactions in the emitting regions of the source, i.e. recombination of electrons 
and ions, and radiation due to the deceleration of electrons in ionic fields (3, 2, 1. 
transitions). Usually there are other sources of background, for example, in an 
are the background also includes the light from the ends of the electrodes. and 
from particles of graphite carried into the column of the arc, ete. In principle, 
however, these additional sources of background can be eliminated, e.g. by using 
diaphragms to exclude the ends of the electrodes and by using graphite which does 
not easily undergo sputtering and so on. 

An expression of UNsoup’s [4, 5], which has been experimentally verified, is 
used for the intensity of the continuum produced by free—bound and free—free 
electron transitions: 


(13) 


5 ergs/sec per unit frequency range 


where Z is the charge on the ion, which will be taken to be unity in the future, and 
NV, is the concentration of ions, which is taken to be equal to the electron concentra- 
tion. 

Equation (13) is true at high values of N,, (N, 1015) when there is a Boltz- 
mann distribution of atoms in excited levels, so agreeing with equation (7) for the 
intensity of a line. In practice apparently, we would not be greatly in error if we 
used this expression at much lower values of N,, especially when we take into 
account that at V, < 10'4 the dark current contributes the significant amount 
to Tp. 


Using equations (10), (11), (12) and (13) we obtain for A7’, the expression 


azylshb Q dy 8 10-46 2) 


(14) 
4ar(kT',)¥? 


AT = | 2eBMr(7, 


We consider first the dependence of 7',, AJ’, and Ts on .V,, the concentration 
of electrons in the emitting region of the source. P 

Let us take the following numerical values. For the spectrum line, 2 = 3000 A, 
y4=4eV, A 10° (av) ~ 10-19, (a’v') ~ 10-7; for the emitting region of 
the source: 7’, = 7000°C, 1 = 1mm; for the spectrometer: s = s’ = 5 « 10-3 


|4] A. Unsoip, Ann. Physik. 38, 607 (1938). 
[5] W. Locnutx-Ho.itcrReveN, Repts. Progr. in Phys. 21, 312 (1958). 
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em, b = lem, Q = 10-2, and D = 20 A/mm. The photomultiplier was given the 
following parameters: y 1 A/lumen, M 7, AL 10 see, 
Values of T7,, AT, and 7,/AT, were obtained, and are shown in Fig. | plotted 
on a log scale in arbitrary units. 

From this graph it follows that, with chosen numerical values, the maximum 
analytical sensitivity (the maximum value of 7',/AT7’,), is obtained for N, 
10'410!° electrons per em*®. On decreasing N, the intensity of the line is given by 


Fig. 1. The dependen , e signal from the line, the average variation of the signal from 
the background, and » of ' ole on concentration in the emitting region 


(8), and decreases in direct proportion to \V,. but the intensity of the background 
signal is determined by the dark current of the photomultiplier, and so remains 
practically constant At higher values of NV. the intensity of the line reach the 
constant values given by (7), because the quenching collisions with electrons 
becoming more frequent; the intensity of the background due to electron-ion 
interactions rapidly increases.* 

It must be pointed out, however, that in all these calculations the electron 
temperature of the discharge was taken to be constant. In actual fact, of course 
sources with different electron concentrations have different temperatures. The 
effect of source temperature on the sensitivity requires special treatment. 

Another parameter which affects the analytical sensitivity, is the measurement 
time r. An increase in + decreases AT’, in proportion to 7’, but as we shall see below, 

graphic registration of the etrum m ueed, the average fluctuation in the density 
letermined e value of " where is the number of granule« 


number of granules due to the contimuum of the 
the contimuum the sensitivity determimed by the aquare 


and at high intensities by the square root of the inte neity of the continuun 
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at the same time, the drift of atoms away from the source volume increases in 
proportion to 7, Thus in the sum, an increase in 7 is not considered to be desirable. 


Changing the parameters of the spectroscope, e.g. increasing the height and 
width of the slits, and the amplification factor of the photomultiplier, ete., increases 
the analytical sensitivity in the regions of low NV, proportional to ysbQ, and in the 
regions of high NV, proportional to (ysbQ)'”. 

The use of an apparatus with a large dispersion is desirable if it is not accom- 
panied by a decrease in the speed of it (Q), as is usually the case. 

Let us now illustrate these calculations by a numerical evaluation of the limit 
of sensitivity of spectrochemical analysis for two examples, choosing as the 
spectrum source of excitation a carbon are and a low-pressure, hollow cathode 
discharge. .', for a free burning carbon arc, in air, equals 10'5. In this case the 
expression for the line intensity is given by (7): 


j, = exp (—yz/kT,) 
Taking the numerical values used above, we get from (4) 
F,' ~ erg sec™'* 


and from (3): 
T, = 10-"*N, A 


For the continuous spectrum from (12) and (13) 


~ erg sec"! 
and from (11) 


10-8 A 


The photoelectrical current from the continuum is very much greater than the 
dark current of the photomultiplier. Using equation (10), and putting + equal to 10 
sec, gives \7’,, ~ 10-™ A, and taking the condition as before, that 7, ~ 10AT, ifa 
line is to be detectable, then NV, is obtained as being approximately equal to 10° 
atoms/cm*. If the emitting region of the source is considered to have a volume of 
approximately 10-* cm*, then the minimum number of atoms that must be present 
in this region is N,,,. 10* atoms. Therefore in order to detect a line, the concen- 
tration of atoms in the column of the are must be maintained at 10° atoms/cm* 
during 10 see. 

Let us now attempt to estimate the smallest detectable amount M of the element 
in the specimen. Obviously, the minimum number of atoms is that which, during 
the time + replenishes the atoms of the element lost from the column of the are, 
and maintains in the column the concentration V,. The mechanism of loss of atoms 
of the analysed element from the column of the arc is apparently make up of two 
parts: 

(1) The diffusion of atoms through the gas in the are column, from the centre to 
the periphery, followed by recombination of these into some or other 
molecules and final escape into the atmosphere. 

(2) Removal of atoms by convection. 


* Here and below the results are rounded off to the nearest order of magnitude. 
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This last factor can be neglected, if some means or other is employed to minimize it, 
e.g. external stabilization of the are column. Thus diffusion is left as the principal 


source of atom loss and hence determines its lowest limit. 

Let us consider the column of an are as a cylinder with diameter / and length L, 
and assume that all the atoms which diffuse to its surface are removed from the 
discharge, and hence take no further part in light emission. Then the number of 


atoms lost from the column in unit time is given by [6]: 


q SAN 


where S is the surface area, S = lL, 8 = uw? D/P, uy = 2.4 (the first root of a Bessel 
function of zero order), D the diffusion coefticient and A.V is the difference in 
atom concentration between the centre and the surface of the arc column. The 


diffusion coefficient is given by the well known equation 


ud, 


where u , (SkT'/xm), m — the mass of the atom under consideration, 4, = the 
mean free path, / 1/\ (2)rnd*? where x is the concentration of the carrier gas in 
the arc, and d is the molecular diameter for the gas. Taking n ~ 10'* em~%, d? ~ 
andm ~ 10>" we get D ~ 10 cm* For simplicity, let us assume 


that the atom concentration decreases uniformly from the centre outwards, so 
that A.V/2 N, where .V, is the average overall concentration for the are column. 

As stated above, the minimum number of atoms in the sample must be equal to 
the number of atoms leaving the are in the time 7, i.e. WZ = qr = 4 lo’ x N= 
10'° atoms. Taking the weight of one atom as m 10-*2 g we obtain the result 
that the minimum weight of an element which can be detected is P ~ 10-™ g, 


If we take a sample weighing approximately 100 mg, then for the minimum con- 


centration which can be determined we get C ~ 10-* per cent. 


Let us now consider our second example. The mechanism of atom excitation 
in a hollow cathode discharge is still insufficiently understood. However, one can 


assume that the collisions between neutral atoms and electrons play the major 


part in the excitation of the former, and the secondary processes are absent. In 


this case the intensity of a line is given by (8) 


hy N,N, (av 


Taking NV, ~ 10" electrons/em®, and the values used previously for excitation 
cross-sections and the spectrometer parameters, we obtain from (4) the luminous 


flux from the line 


F,’ = N, erg sec™ 


and the photocurrent 


T,=10°*N,A 


* Note added in proof: in the recent paper by RaicHBpatM and Mayiscu, Optika i Spektroskopiya 
9, 425 (1960), it was found experimentally that the diffusion coefficient of atoms from the are column 
D 10-20 em? sec™!, 
6) D. A. Frank-Kamewnetskt, Diffusion and Heat Transfer in Chemical Kinetics. Akademii Nauk 
S.S.S.R. 
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From (12) and (13) we get the luminous flux from the continuum, F, ~ 10-* 
erg/sec, i.e. the intensity of the continuum is, in this case so small, that the photo- 
current produced from it is smaller than the dark current of the photomultiplier. 
Hence the minimum measurable line intensity is determined by the average 
fluctuation of the dark current. Taking the measurement time as 7 100 sec. 
we get from (10): 


AT, = 10-2 A 


Defining as before the minimum detectable line intensity 


T, =10 x AT, 


we get V, ~ 10’ atoms/em*. Taking the emitting volume to be 10-* cm* 


Ninin 10° atoms 


In order to evaluate the number of atoms in the specimen WV to maintain 
the atom concentration of .V, in the emitting region of the hollow cathode, we can 
assume that the concentration .V, must be reached in the whole of the volume of the 
tube V (atoms settling on the walls may in principle return to the discharge area by 
the heating up of the walls). Putting V = 10% cm*, we obtain WM = VN, ~ 10° 
atoms/em*. From this, taking m ~ 10-** ¢ the minimum weight of the element 
under analysis is P ~ 10-" gi.e. in a 100 mg specimen, the minimum concentration 


Cis per cent. 
The results are shown in Table 1. 


Table 1 


Are Hollow cathode 


Source 


The min. number of 


atoms in the emitting 


region of the source N (atoms). lof 105 


Min. cone. of atoms NV, 
(atoms/em*), ete. 108 107 


Min. number of atoms 


in the specimen u (atoms). 10% 


Min. weight of the analysed 
element P (g). 


Min. concentration of the 
analysed element in the 


specimen C (%) 


So in spite of the very different spectral sources, the analytical sensitivity is 
obtained in both cases very closely. 

The values of the limiting sensitivity given in the Table 1 are approximately 
obtained in present-day practical analytical 


two to three orders greater than those 
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methods. It is necessary to stress again, however, the highly idealized physical 


picture on which the above calculations were based. The numerical values used in 


the calculations, e.g. transition probabilities, collision cross-sections, the conditions 
of vaporizing the specimen, ete., can change for different specific conditions, 
between very wide limits. Therefore as was already pointed out at the beginning 
of this article, it is not possible to attach an absolute significance to the values 
obtained for the sensitivities, one must consider them basically from a qualitative 
point of view. 


The figures show that it is sufficient to have a comparatively small number of 


atoms of the analysed element in the emitting region of the source to obtain a line 
which can be measured. As is shown from a comparison of N and WV, the basic 
loss of sensitivity is brought about by non-effective transference of the atoms 
contained in the specimen to the emitting region of the source, and insufficient 
retention of them in this zone, several orders of magnitude are lost because of this. 
Clearly as has been already pointed out in [1], a large reserve of sensitivity increase 
lies in the improvement of these parts of analytical procedures, and also in the 
improvement of methods of concentrating the specimen. 

In order to make the calculations carried out here more accurate, it would be 


useful to carry out direct experimental measurements under different conditions, of 


factors which enter into the calculations, namely absolute intensities of lines, 
atom concentrations in the source region, for known concentrations of the element 
in the specimen, and also the intensity of the background continuum. 
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A relation between the N-H stretching frequency and stability 
of metal complexes of /-alanine 


(Received 15 March 1961) 


IN A study |1] of the infra-red spectra of hydrazine complexes of the first transition series of 
metals in the 15-35 yw region, a linear relationship between the nitrogen—metal stretching 
frequency (vy 4) and the heats of formation of these complexes was found. The lowering 
of the N—-H stretching frequency (vy_,,), in the case of amino acid complexes of copper and 
nickel has been taken as an evidence of the covalent nature of the N—M bond [2]. This 
suggests that vy _,, will be similarly related to N-M bond energy and consequently to the 
overall stability constant of the corresponding complex. However, no such correlation has 
OL. been reported so far. 


17 Using a lithium fluoride prism, we obtained the infra-red absorption spectra of the Cu®*, 
961 Ni®*, Co?* and Pd?* complexes of f-alanine of the type M(NH,CH,CH,COO), in the 


3000-3400 cm! region. The observed vy ,, and the corresponding overall stability con- 
stants (k,k,) of the complexes are given in Table 1. 


Table | 


Compounds Log (em!) 


1. Pd(NH,CH,CH,COO), 18-90 [3] 3240 3090 

2. Cu(NH,CH,CH,COO), 12-90 [4] 3270 3231 3183 
3. Ni(NH,CH,CH,COO), 8-03 [4] 3333 3291 3181 
4. Co(NH,CH,CH,COO), 7-00 [5] 3338 3285 

5. NH,CH,CH,COONa 3413 


The molecular formulae of these compounds were confirmed by micro-analysis and no 
attempt was made to isolate the different rotational isomers. The complexes of Fe?*, Mn?* 
are not included in this study because of the difficulty of their preparation in solid state due 
to their very low stability. It is observed that vy, shows a shift (as compared to vr, y, 

3413 cm, in the sodium /-alaninate) to lower values in the order Pd? Cu? Ni? 

Co**, which is in agreement with the reported “‘IRvisG—WILLIAMs”’ order [6] of stabilities 


. Saccont and A. SaBatint, Nature 186, 549 (1960). 
. N. Sen, S. Mizusuima, C. Curran and J. V. Quacuiiano, J. Am. Chem. Soc. 77, 211 (1955). 
’. 8S. H. B. Maruur and A. B. Biswas. Unpublished data. 
A. ALBERT, Biochem. J. 47, 531 (1950). 
. Irvine, R. J. P. D. J. Ferrer and A. E. J. Chem. Soc. 3494 (1954). 
. Irvine and R. J. P. Wiitiams, J. Chem. Soc. 3192 (1953). 
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of bivalent metal complexes. On plotting log kk, vs. vy_y of the first absorption band 
(Fig. 1) we get a linear relationship with the exception of the Pd**-complex. The reason 
for this enhanced stability of Pd?*-complex should be examined in the light of the influence 
of some other structural factors and/or the formation of a comparatively stronger covalent 
bond. In fact, the C—O stretching frequency of the Pd**-complex shows a peak at 1620 
cm™!, thereby indicating that O—M bond has an appreciable covalent [2] character, 
whereas the same bond is essentially ionic in the case of the Cu®*, Ni?* and Co?* complexes. 

Considering a series of complexes and the relationship AH — TAS -~RT in K, it is 
seen that their stability constants are functions of both AH and AS. However, if the 
ligand remains the same and also there is no significant change in size and structure of the 
complexes (i.e. AS is practically constant) the variation in their stabilities is primarily due 
to the changes in the strength of the metal-to-donor bond represented by AH. The stronger 
is this bond, the more is the electron demand of nitrogen on the N-H linkage electrons, 
resulting in a corresponding decrease in the N-H stretching frequency. Thus vy; in square 
planar complexes [7] of S-alanine with the transition metal ions shows a linear relationship 


3250 3300 


Fig. 1. N-H stretching frequency (em~'). 


with the overall stability constants because their magnitude is now a function of AH alone, 
the contribution of the entropy factor remaining more or less constant. Any deviation 
shown by a complex may be taken as an indication of its having a different structure. 
Further, if by plotting log kk, vs. Avy» (the observed shift from vy, of sodium /- 
alaninate) a straight line is obtained, its slope and intercept would be related to AH and 
AS, respectively. 

The result of this study supports the conclusion that it is possible to use the nitrogen— 
hydrogen stretching frequency which occurs in the commonly used range of an infra-red 
spectrophotometer to determine nature and strength of the N—M bond and hence the over- 
all stability constant in metal-amino acid complexes. 


Acknowledgement—We thank Mr. C. I. Jose for his help in this investigation. 
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(7) A. E. Marrece and M, Carvin, Chemistry of the Metal Chelate Compounds, Prentice Hall, New York 
(1952). 
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Absorption spectra of antimony pentachloride—aromatic hydrocarbon systems 


(Received 28 March 1961) 


It has been known for a long time that aromatic hydrocarbons dissolve in concentrated 
sulphuric acid to give deeply coloured solutions, [1] which was assumed to be due to the 
formation of proton addition product in these systems, and the colour was attributed to the 
carbonium ion. From the considerations of electron spin resonance and proton magnetic 
resonance spectra, WEISSMAN et al. [2] suggested the formation of a mono-positive hydro- 


carbon ion in concentrated sulphuric acid solution. This, however, does not completely 


exclude the existence of carbonium ions in these systems. In fact, a comparison of the 
absorption spectra of hydrocarbons in concentrated sulphuric acid with those in boron 
trifluoride—hydrofluoric acid mixture (where the existence of the carbonium ion has been 
more or less confirmed [3]) suggested that carbonium ions do exist in sulphuric acid 


solution. 
The object of the present investigation was to locate the position of the absorption band 


for the hydrocarbon positive ion in systems where the interfering effect of the carbonium 
ion is either absent or is at a minimum. This is possible only in the interaction of a strong 


Lewis acid with the hydrocarbons in non-hydroxylic solvents. This requirement greatly 
limits the number of Lewis acids that can be used. The antimony pentachloride has been 
found to be ideal for this purpose as it is fairly stable and is highly soluble in chloroform. 


The present paper summarizes the results of the absorption spectra measurements of 


hydrocarbon-antimony pentachloride systems in chloroform solution. 


1 7 Experimental and results 


The hydrocarbons were British Drug House and E. Merck's samples purified by chro- 


matographic adsorption on alumina. The antimony pentachloride was prepared by passing 
dry chlorine over molten antimony trichloride at 80°C. The unconverted antimony tri- 
chloride was filtered off and the pale yellow liquid (SbCl,) was purified by repeated freezing 


and melting (m.p. 27°C). Guaranteed Reagent quality chloroform was repeatedly washed 


with water to free it from alcohol (3°,) used as stabilizer, dried over calcium chloride and 


freshly distilled before use. 
When antimony pentachloride was added to a chloroform solution of an aromatic 


hydrocarbon, a deeply coloured solution was obtained almost instantaneously. This colour 


underwent rapid change until a colourless or a coloured precipitate was formed. In presence 


of a trace of hydroxylic solvent the solution quickly became colourless. If, however, the 


concentration of hydrocarbon and of antimony pentachloride were kept low, i.e. about 
10-* mole/I. and 0.1 mole/l., respectively, the colour developed was found to be stable for at 


least 1 hr. The absorption spectra of these solutions, measured in a Beckman Spectro- 
photometer Model DU using 1-cm silica cells, were found to consist of one intense absorption 


band in the visible region with a number of weak bands on the shorter and longer wave- 
length side of the main band. The peak of the main band was exactly reproducible but 
those of the weak bands could not be reproduced and they rapidly changed in intensity with 


time. Consequently, attention was focussed on the main band only. 
The absorption spectra of a number of aromatic hydrocarbon—antimony pentachloride 


systems in chloroform are shown in Fig. 1, and the position of the peak of the main absorp- 
tion band for each system is given in Table 1. 


V. Gop and F. L. Tye, J. Chem. Soc. 2172 (1952). 
8S. I. Werssman, E. pe Borer and J. J. Conpapi, J. Chem. Phys. 26, 963 (1957). 
C. Rew, J. Am. Chem. Soc. 76, 3264 (1954). 
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Wavelength, M4 
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Toluene 


Pyrene [2x10 ° (m)] 


Absorbance 
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Anthracene fixio Triphenylene [i x10 
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Fig. 1. Absorption spectra of SbCl, aromatic hydrocarbons in chloroform solution. 
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Table 1: Position of the peak of the absorption bands of aromatic hydrocarbon-—antimony 


pentac hloride systems 


Longest wavelength band (my) 
ompound 


SbC1,-chloroform Na-tetrahvdrofuran [4] HF-BF, system [3] 


Benzene 445 $20 


Bromobenzene 430 
Toluen 405 
X viene 495 
Mesit viene 510 
Naphthalene 535 
Phenanthrene 465, 
Anthracene 715 
Stilbene 455 
Pyrene SOS 
Biphenyl 600 
Tri henvlene 425 


Discussion 

Are these bands due to charge transfer interaction of a donor acceptor type, Le between 
the hydrocarbon and the antimony pentachloride’ In all probability they are not, as 
suggested by the non-existence of a line at hy vs. LE (ionization energy) relationship for 
these systems. Hotink and observed that the absorption band in the 
visible region of the electronic spectra of a perylene-antimony pentachloride system was 
closely similar to those of perylene-sodium systems in tetrahydrofuran. A similar resem- 
blance is evident in the data shown in Table 1. As there is sufficient theoretical ground to 
expect the mono-negative and the mono-positive ions of alternant hydrocarbons to have 
similar electronic spectra, the absorption bands noticed in the present study may be as- 
sociated with the mono-positive hydrocarbon ions, a possibility which was suggested by 
Wetss [5] from more general considerations 

At higher antimony pentachloride concentration the colour of the system was different 
trom those reported above and may be due to dipositive hydrocarbon ions, but the systems 
were too unstable to make any spectral measurement. 

Mrixnmoyvee Das 

Department of Chemistry SADHAN Basv* 
sity olle qe of Science and Technology 
('aleutta 9, India 


P. and W. P. Rec. trav. chim. 76, 837 (1957 
J. Weiss, Nature 147, 512 (1941); Trans. Faraday Soc. 37, 780 (1941). 
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Redundancy conditions and form of the potential function 
(Received 1 March 1961) 


IN THE general case in which a set of non-independent co-ordinates are used to set up the 
vibrational problem, the potential energy cannot be w ritten a priori as a quadratic form: 
in fact, linear terms can occur. For example, the co-ordinate system used by Urey and 
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BRADLEY [1 | contains non-independent co-ordinates, and consequently the Urey—Bradley 
potential energy must be formulated with linear as well as quadratic terms. Though such 


co-ordinate systems may introduce some mathematical complexity, they are useful because 
they have one or more of the following advantages: (1) they contain fewer force constants, 
(2) they retain molecular symmetry and thus contain fewer unique force constants and 
(3) the physical meaning of the force constants is more apparent. Once the potential 
energy is formulated, a co-ordinate transformation to internal co-ordinates is effected. 
and, if the internal co-ordinates are linearly independent, the linear terms in the potential 


energy are removed. However, it is often convenient, for the above-mentioned reasons. to 
have a redundant set of internal co-ordinates. Then the potential function will, in general, 
still have linear terms. If there exist m redundant co-ordinates, then all the co-ordinates 
are related to each other through m redundancy conditions, and the potential function 


containing linear terms can always be transformed into a pure quadratic form by using 


the method of the indeterminate Lagrange multipliers. These Lagrange multipliers have 
been called intramolecular tensions by SHmmanovucut [2] and have been discussed in detail 


by him. It is the purpose of this note to show that under some conditions, i.e. for certain 


planar redundancies, these intramolecular tensions play no role in the vibrational problem. 

The argument is essentially the following. Let us assume we are able to find all the m 
redundancy conditions. Neglecting orders higher than the second we can write these 
conditions R,(q) in the form 


Ri(q) = R,"(q) = 0 k=1,2,...m (1) 


where ¢ represents the co-ordinates, a prime indicates the linear part, and a double prime 
the quadratic part. Actually R,” and R,” will be expressions of the type 


> Aq, and R,” > Aq, Aq, 


where a; = (OR,/0q,), and b,* = 4(@R,/0q,0q,),. The potential energy has the form: 
j k 0 ij 2 ki 7 1; 0 

ov eV 

04, 6 04,04; 


2V 2S | Aq, | ) Aa Ag, (3) 


i 


It must be noted that in each one of relations (1) the coefficients a," and b,* are different 
from zero only for those co-ordinates q, which are involved in that particular redundancy. 


The same is true for the potential energy: only for those co-ordinates g, which are involved 
in a redundancy condition will the terms (0V/0q,), be different from zero. 
If we add to the potential energy V the m redundancy conditions described above, 


multiplied by the indeterminate Lagrangian multipliers (intramolecular tensions) p,. we get 


and using relations (2) 


! q, Ae 
2 | Aq, Aq, 


We have introduced, in this way, all the relations among the co-ordinates q, in the potential 


[1) H. C. Urey and C, A. Brapiey, Jr., Phys. Rev. 38, 1969 (1931). 
T. Saimanovcnt, J. Chem. Phys. 17, 245 (1949). 
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energy and therefore we can apply the minimization process to V, which leads to the 
conclusion that the linear part must now vanish. 
We will have therefore a set of n equations of the type 


(6 
0 

It follows therefore that the potential energy will now be a pure quadratic form: if the 
redundancy conditions are not exactly of the first degree (R,’ = 0), the potential V will 


have the form 


&V 
2] 


Aq, Aq, > > ppb Aq Aq; (7) 


A classic example of a situation of this type is the case of methane. |2| 
If. however, the redundancy conditions are exactly of the first degree, i.e. if it is true 
that 
Dai‘ = 0 (8) 


for any value of the Aq,’s, then the linear terms in equation (5) reduce to 


2> | Aq, > pa," Aq, 25 | Aq, (9) 
0 k i j 
The minimization process (6) then shows that S(0V/0q,)oAq; is zero; it is not necessary 


to introduce the p, to obtain a quadratic form for the potential energy. 

Certain redundancy conditions are exactly of the first degree in all planar molecules. 
Consider for instance the “local” redundancy in a planar zy, molecule or the “evelic” 
redundancy involving only the angles in a ring molecule. Both types of redundancies have 
a very simple analytical form: 


¥ = 0 (10) 


j 


equilibrium distorted equilibrium distorted 
position position positior. position 


where ¢,, represents the angle formed by bonds ¢ and j. In case I the sum of the bond 
angles around the central atom is always 360°, and in Case II the sum of the » internal 
bond angles is always (n — 2) 180°. This is true for any possible planar distorted con- 
figuration 

In the case of nonplanar molecules, the form of the redundancy is not as simple as 
equation (10). For instance, in the case of a pyramidal xy, molecule like methane, the sum 
of the six bond angles is 656°48’ in the equilibrium configuration, but it is only 630° in 


the distorted configuration of III. For other configurations different values exist. This 


equilibrium distorted 
position position 
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does not mean that in the case of methane the redundancy condition cannot be written in 
a form which appears to be exact in the first degree. CrawForp [3] has recently developed 
a vertical method which gives the redundancy condition for noneyclic molecules in just 
such a form. 


R = 3 8,,A¢,, = 0 (11) 


where the S,, are functions of the sines and cosines of the bond angles, being, in general, 
different from each other. 

At this point the difference between the planar and nonplanar case is easily seen. 
In both cases a first-order relation exists among the ¢,,, but, in the latter case, each ¢ 
has a coefficient which changes from configuration to configuration. 

The normal-vibration problem requires consideration of both first- and second-order 
terms, equation (11) is unsuitable, and it is convenient to expand the primitive redundancy 
from which (11) was obtained in a Taylor series around the equilibrium configuration. 
Ignoring terms higher than second order, this gives 


R = Ad, + + Ad Ada. + 2D Adu] =O (12) 


where the coefficients S,;°, refer to the equilibrium configuration and are 
therefore easily evaluated. For example, SHimanovucut [2] has shown that for methane 


V2 
|3 (A¢,,)? + Ab, Ada | 0 (13) 
ixj ixj 

This form of the redundancy condition contains quadratic terms and is therefore different 
from (10). 
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BOOK REVIEWS 


L. M. Jackman: Applications of Nuclear Magnetic Resonance in Organic Chemistry. Pergamon 
Press, London, 1959. ix 134 pp.. $5.50 


Ir GOES without saying that no other spectroscopic technique has had the rapid, general accep- 
tance that nuclear magnetic resonance spectroscopy has attained, and new instrumentation 
promises even more general use for the future. At the same time, no other spectroscopic techni- 
que makes a greater demand on the user for an understanding of the theory and practice of the 
method. Its utility for analytical uses far outweighs any other technique in versatility if the 
chemist knows how to make full use of the instrument. As a consequence, books and articles 
on the theory of NMR are especially useful, and Dr. JacKMAN’s clear exposition is undoubtedly 
the best single beginning book available 

The book begins with a clear, and not unduly concise, chapter on the theory of the NMR 
method. Many persons may also wish to consult Nuclear Magnetic Resonance, by J. D. Roperts, 
as an aid to understanding, for the same ideas are presented in a somewhat different way. The 
experimental method is discussed thoroughly in the next chapter, and then follow several 
chapters on applications of NMR, especially to organic chemistry. While these chapters were 
written before electronic integration accessories were available, many of the problems discussed 
are essentially analytical in nature. In these chapters, especially, the advantages of JACKMAN’s 
book over that of RoBpertTs become obvious, since the latter was written too early for many 
applications to be discussed 

The major drawback of this book is its inadequate treatment of spin-spin splitting. No one 
with a serious interest in NMR will be able to use it without a great deal more information about 
this extremely important phenomena. A recent review by Conroy in Advances in Organic 
Chemistry, Vol. IIT, High-Resolution Nuclear Magnetic Resonance, by Porte, SCHNEIDER and 
BERNSTEIN and a promised monograph on the subject by RoBEerts will be necessary adjuncts to 
J ACKMAN With this reservat on, 1 pplic ations of Nuclear Vaqneti Resonance Spectroscopy 
Orqar Chemistry is highly recommended as the place to start in learning about NMR. 


C. H. DePuy 


(j;norce L. CLark (Editor): The Encyclopedia of Spectroscopy. Keinhold, New York; Chapman 


and Hall, London, 1960. xvi 787 pp., $25.00 


THIs volume is an attempt to provide a comprehensive and authoritative survey of the entire 
field of spectroscopy Articles by 121 authors are arranged under twenty-three major topic 
headings as follows absorption spectroscopy, band spectroscopy, /-ray spectroscopy, differentia! 
thermal! analysis, electron paramagnetic resonance, emission spectroscopy, flame photometry, 
fluorophotometry and phosphorimetry, 7-ray spectrometry, infrared emission, infrared spectro 
photometry, mass spectrometry, microwave spectroscopy, monochromators, neutron spectro- 
metry, nuclear magnetic resonance, Raman spectroscopy, solar spectroscopy, vacuum spectro- 
scopy, X-ray and y-ray absorption, X-ray characteristic absorption, X-ray diffraction and 
X-ray emission. Unfortunately there is no index, and cross-referencing is essentially non 
existent. This often makes it difficult to find specific information 

The volume is rather poorly edited and the quality of the individual articles varies widely. 


There are several instances where duplication occurs, for example two separate articles cover 


17 


196] 


Spectro) 
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4 
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the KBr pellet technique of preparing solid samples for infrared absorption work. Many of the 
articles are very comprehensive, but many others are too restricted to be generally useful. In 
some instances the contributions are of practically no value to the reader. An excellent example 
of this can be found in an article entitled ‘Excitation Mechanism’’ under the general topic 
heading of “Flame Photometry”. Here the author essentially ignores the generally accepted 
theories of excitation and instead expounds at length on a very questionable mechanism for 
flame excitation. Articles of this type have no place in a reference work. 

Numerous important topics in spectroscopy are completely ignored or very poorly covered. 
For example, the theory of infrared absorption is covered in a three-page discussion of steel balls 
connected by springs. No mention is made in this section, or elsewhere in the book, of the various 
factors which influence group frequencies and band intensities. In fact, essentially no mention 
is made of either group frequencies or band intensities. The usefulness of ultraviolet absorption 


data in connection with dyes, steroids, general aromatics, etc. is also ignored. Many other 
examples could be cited but these serve to illustrate the rather haphazard manner in which 


topics were selected. 

In spite of its many faults, this book does contain some very good articles which are very 
useful as reference sources. As an encyclopedia of spectroscopy, this book cannot be recommended 
However, as a compendium of spectroscopy, the book will be of use to most spectroscopists. 


RicHAarD N. KNISELEY 
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ERRATUM 


G. und |. Rerenarptr: Eine optische Anordnung zum unmittelbaren 
Vergleich verschiedener Emissionszonen einer Lichtquelle. Vol. 16, No. 9, pp. 

The inscriptions were inadvertently omitted from Abb. 1, 3 and 5 which are 
reproduced below in their corrected form. The authors regret any inconvenience 
which may have been incurred by readers. 


Schema der Lichtwege Abgebiltete Bogen zonen 


1.180 
Mathodenzone 


4 


Eichung der Lichtwege 


Se:tenschienc 


Mouptschiene 


Mete in mm 


Linsenabstonde fur 2600 4 
Lichiquelie 


Abb. 1. Anordnung zur Doppelten Zwischenabbildung. Schema der Lichtwege: Lichtver 
«chliisse fortgelassen. Abgebildete Bogenzonen und Elektroden: maBstabgetreu. Eichung: 
lirektes Durchlassigkeitsverhaltnis (ohne Rhodiumfilter in der Hauptschiene), 

Lampe | 


: Punkte jeweils aus 5 Einzelmessungen gemittelt 
:MgO-Schirm | J gen g 


! 
— 270 -| 
$0 
Sprege mit er 
Umiens pr + 
1227 ms 
VOL. 
“ | 1 7 
160 196] 
m Zwischem | 
-Diende 
é \ % mit Dwischendiende | 
\ 
o 
\ > | 
\ 
\ 5, 
12120 | | 
1260 ll - - -----, 
3 
| 
4 > 
2700 2900 00 3300 


@ 


17 
96] 


Erratum 


a) 


genmitte 


w 
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Verstorkung Kathodenzore / Bo 


Einflu8 der Matrix auf den Verstarkungsgrad 


N 


Sb Sa 


T 


Bariumecetat Kohle Aluminiumesyd Kohle Lithtumcarbonat : Kohle 


Abb. 


Abb. 


3. 


Einfluss der Grundsubstanz auf den Verstarkungsgrad verschiedener Elemente. 
Oxydegemisch. Vollstandige Verdampfung. 


T T 
Kohle Lithiumcarbonat + Kohle 


Kathodenzone 


Kathodenzone 


Bogenmitte 


Bogenmitte 


i. 1 1 


Korrelation zwischen 


Kathodenzone 


1 


und 


Bogenmitte. 


Ge(1) 


MaBstabeinheit: 


0,2Y. 


Links: 


Kohle 


als Grundsubstanz; 


2592,54. 


Rechts: 


Oxydegemisch in 


Oxydegemisch in Lithiumearbonat plus Kohle (Verhaltnis 1:4) als Grundsubstanz. 
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ANNOUNCEMENT 


Relocation of Spectral Data Projects 


Tue American Petroleum Institute Research Project 44 and the Manufacturing Chemists’ 
Association Research Project were moved from Carnegie Institute of Technology, Pitts- 
burgh 13, Pennsylvania to the A. and M. College of Texas, College Station, Texas on 
April 1, 1961. Both Projects issue standard reference spectrograms in each of five categories 
of spectroscopy—infrared, ultraviolet, Raman, mass, and nuclear magnetic resonance. 


The two Research Projects now constitute the Chemical Thermodynamic Properties Center 


in the Department of Chemistry of the A. and M. College of Texas. Dr. Bruno J. Zwo- 
LINSKI, Professor of Chemistry, is the Director of the Center and the two Projects. Dr. 


Atrrep Danti, Associate Professor, is the Assistant Director and is in charge of the 
Spectral Program. Spectra issued by the two Projects are contributed by responsible 


investigators. Contributions of spectra should be addressed to the Director or Assistant 
Director at the new address given below: 


Chemical Thermodynamic Properties Center 
Department of Chemistry 

A. and M. College of Texas 

College Station, Texas 
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The infra-red spectra and structures of some co-ordination 
complexes of 1:5 hexadiene 


P. J. Henpra and D. B. 
Royal Holloway College and Sir John Cass College 


(Received 26 May 1961) 


Abstract—The preparation of a range of complexes of 1:5 hexadiene have been reported previously. 
The infra-red spectra of some of these and also that of the pure ligand are recorded. The structure 


of the ligand and the complexes and also the stabilities of the complexes are discussed. 


PREPARATIONS of some complexes of 1:5 hexadiene have been reported by JENSEN 
[1] and by Cuarr et al. [2] Complexes with formulae PdCl,-C,H,,, PtCl,C,H,, and 
PtI,C,H,, are monomeric and are considered to contain chelated hexadiene 
molecules. A complex of formula K,(Pt,Cl,-C,H,.) has also been reported which 
probably has a “‘bridge”’ structure 


CH,—CH, 
Cl 


CH 
Pt—Cl 
CH, 


Cl 


The infra-red and Raman spectra of 1:5 hexadiene were obtained and are given 
in Table 1. It will be observed that no coincident Raman and infra-red bands are 
found and also that the infra-red spectrum of this compound is especially simple. 
This suggests that the molecule is symmetric with a trans configuration about C, 
and (,. The infra-red spectra of the co-ordination compounds PdCl,-C,H,», 
PtCl,-C,H,, and Ptl,-C,H,, were also obtained and are given in Table 1 together 
with that of K,(Pt,Cl,C,H,,). As expected, the first three compounds gave spectra 
which were very similar to one another but were more complex than that of the 
free ligand. This would be in agreement with their previously proposed chelate 
structures since they would then contain hexadiene molecules in cis or more 
probably gauche configurations about C,—C,. Nuclear magnetic resonance investiga- 
tion of a solution of PtI,-C,H,, in methylene chloride confirmed the presence of 
two non-equivalent C—CH, groups in the molecule, thus indicating that this 


complex contains hexadiene molecules in a rigid gauche configuration. 
The absorption frequency values of bands associated with v,_, indicate an order 


l | K. A. Jensen, Acta. Chem. Scand. 3 866 (1953). 
2) J. Cuarr, L. VALLERINO and L. VeNnanzi, J. Chem. Soc. 2496 (1957). 
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Table 1. The infra-red spectra of 1:5 hexadiene and its complexes (see also Fig. 1) 


Ligand 


Infra-red 


Raman H Pt,Cl,) Hie Pris Cu Hy, 


2’ e**10 6 


3080 3056 vw 3062 w 3059 w S061 w 3065 w 


3030 w S008 w S012 w SOOO w 
N.1 S000 va 2046 vw 2018 w 2025 w 2921 w 2026 w 
2410 vw 
2851 vw 2800 w 2874w 
m 1534 m 
1640 « 1630 ve 1500 m 1522 m 1500 ms 1500 mw 1545 m 
1440 mes 1450 mw 1440 m 1450 ms 1449 « 1455 m 
1427 « 1424 mw 1421 m 1433 ma 
1416 m 1405 me 1410 mes 1401 mes 1400 me 1413 m 1410 m 
1399 mw 1302 me 
1346 vw 1345 w 1343 mw 
1200) « 12 w L301 m 1332 wm 1304 m 1264 wm 
1230 1256 1253 wm 1245 “ 
iZllw 1216 1208 w 
1100 wm 1108 w 1110 mw 1101 m 1155 vw 
1065 w 1059 w 1059 w 1050 w 
1OLL vs 1000 ms 1003 s 987 m 
O04 « LOO} 1003 ve 986 mes 975m 
910 vs mw 970 mw 092 vs 975s 
830 936 w 935 m 
921 904 wm 929 ms 910s 
857 wim 
S37 mw S45 S35 wm S486 
8.4 mes 778 m 750 m 764 m 


773/764 mw 


OOS m 
592 m 


556 mm vw N.I JOS mw N.1 N.1 
w 


of oletine-metal bond strength of Pd" < Pt", a conclusion reached earlier by a 
number of authors [3). The spectra of PdCl,-C,H,, and PtCl,-C,H,, are similar 
below 1500 em~'. The spectrum of Ptl,C,H,, is also generally similar, but many of 


the corresponding bands show slight frequency differences. 

Cuatr? ef al. [4] have previously pointed out that normally in platinum—olefin 
complexes the order of stability is Ptl, < PtBr, < PtCl,. The similarity in 
frequency of y-_¢ in the complexes of Pt"' suggests that this stability order must be 
caused almost exclusively by steric effects, there being very little electronic 


differences in the olefin—-metal bridging. 


J. Cuatr and L. Duxcanson, J. Chem. Soc. 2939 (1953); H. Jonasse~ and J. Fre.p. J. Am 
Chem. Soc 79. 1275 (1957) 


4) J. Cuart, L. VaLcertvo and L. Venanzi, J. Chem. Soc. 3413 (1957). 
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It is of interest to compare the relative stabilities of platinum-I1 and palladium- 
Il complexes of 1:5 hexadiene with those of 1:5 ecyclo-octadiene. Cuarr et al. [4] 
have pointed out that the compounds containing cyclo-octadiene are the most 


stable olefin complexes known. In cyclo-octadiene the “tub” form of the molecule 


r 


PdCI,C,H,, 


(CuCl),C.H., 


750 400 


cm- 
The infra-red spectra of 1:5 hexadiene and its complexes with palladous chloride 
and cuprous chloride. 


Fig. 1. 


is the most energetically favourable [5] and in this configuration the two olefin 
bonds are parallel and ideally situated for chelate formation. In 1:5 hexadiene this 
is not so, as the gauche configuration of the ligand is present in the chelate complexes 
whereas in the free state the trans form is the most stable isomer. The stability of 
the chelate complexes is probably also reduced by the fact that in the gauche form 
the double bonds, when parallel, do not lie symmetrically about a plane through 


5] P. J. Henpra and D. B. Powe t, Spectrochim. Acta 17, 913 (1961). 


911 


| 
| 
| 
| 
‘ 
| 
| 
| | 7 
| 
| 
OL. | 
| 
17 | | 
96] | | 4 
| 
| 
| | 
4 


P. J. Henpra and D. B. Power 


one of their centres and perpendicular to the olefinic bonds. Thus slightly distorted 
metal-—olefin bonds must be formed. 


Gauche (Tub for C.H,,) 


An unstable copper complex with approximate formula Cu,Cl,-C,H,, was 
prepared by addition of hexadiene to a solution of cuprous chloride in concentrated 
hydrochloric acid. The white unstable complex obtained evolved hexadiene 
continuously. Micro-analysis of the compound was carried out as rapidly as 
possible and gave the values C = 19-9 percent, H = 3-0 percent. For Cu,Cl,C,H,p, 
C = 25-7 per cent, H = 3-6 per cent and for CuCl-C,H,,, C = 40 per cent, H = 5-5 
per cent. 

The compound whose formula was assumed to be Cu,Cl,-C,H,, gave an infra-red 
spectrum containing a band at 1545 em~', which may well be associated with the 
vec Vibration of a co-ordinated olefin group. The appearance of a strong absorp- 
tion band at 910 cm~', probably due to a CH, wagging mode of the olefin groups, 
both in the free ligand and in the copper complex, suggests that the complex 
contains mono-co-ordinated hexadiene molecules, as this type of vibration normally 
rises in frequency by about 80 cm~! when the olefinic group is co-ordinated to a 
metal ion [6]. The absence of an absorption band near 1640 cm~' does not support 
this conclusion, since a band in this region would be expected owing to the non- 
co-ordinated olefin group in the ligand. The overall simplicity of the spectrum 
would, however, suggest a trans configuration of the ligand. 

It therefore seems probable that the compounds with formulae Cu,Cl,-C,H,, 
and K,(Pt,Cl,-C,H,,) are non-chelate, whereas the other compounds discussed are 
chelated and have a gauche configuration. This configuration may well explain the 
lower stability of these complexes compared with the very similar complexes of 
1:5 cyclo-octadiene. 


Acknowledgements—The authors wish to acknowledge the help and encouragement of Dr. E. A. 
EsswortH and Dr. N. SHerrarp of the University of Cambridge. They also wish to thank 
Mr. B. SANDERSON for carrying out micro-analyses. 


6) D. B. Powe. and N. SHEPPARD, Spectrochim, Acta 13, 69 (1956). 
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The structures of 1:5-cyclo-octadiene and its complexes 


P. J. Henpra* and D. B. PoweLit 


(Received 3 March 1961) 


Abstract—The infra-red spectra of 1: 5-cyclo-octadiene in both liquid and solid phases have been 
obtained and compared with the spectra of co-ordination complexes with palladium II and 
copper I chlorides. The structures of the ligand and complexes are discussed. 


THE structure of 1: 5-cyclo-octadiene has been investigated by a number of workers 
[1, 2] and the stable isomer has been shown to have the cis—cis-structure for the two 
olefin groups. Recently Corton [3] has suggested that cis—cis-1:5-cyclo-octadiene 
normally has the “tub” rather than the “chair” conformation of the eight-mem- 
bered ring. This conclusion is supported by the earlier dipole moment evidence 
of Roperts [4] on 1:5-dichloro-cyclo-octa-1:5-diene which indicated that this com- 
pound contains approximately 85 per cent of its molecules in the “tub” configura- 
tion. The “tub” form of the eight-membered ring might be expected from the ease 
with which cyclo-octadiene forms very stable chelate complexes with platinum II, 
palladium II and rhodium I [5, 6}. 

Cis—cis-cyclo-octadiene was carefully purified and its infra-red spectrum 
obtained as a liquid at room temperature and as a crystalline solid at liquid air 
temperatures. A range of complexes containing chelated cyclo-octadiene were also 
prepared including PtCl,-C,H,,, Ptl,-CgH,, and PdCl,C,H,, as described by 
et al. |5) and their infra-red spectra obtained; absorption frequency values are 
given in Table 1. 

The comparatively complex nature of the spectrum of crystalline cyclo-octa- 
diene and the resemblance to the infra-red spectra of the chelate complexes suggest 
that in this phase cyclo-octadiene is present as molecules in the “tub” conformation. 
This is supported by the coincidence in frequency of some of the infra-red bands 
with those in the Raman spectrum obtained by GouBgEau [7]. For the centro-sym 
metric ‘“‘chair’’ form only accidental coincidence of frequencies would be expected. 
It will be noted that the liquid state spectrum shows some additional absorption 
bands to those shown by the solid material suggesting that in this phase, two forms 
are present and that an equilibrium is established between “‘tub” and “‘chair” 


* Royal Holloway College, Englefield Green, Surrey. 

+ Sir John Cass College, London E.C.3. 

K. Zrec ter and H. Wiis, Ann. Chem. Liebigs 567, 1 (1950). 

E. Voce., Ann. Chem. Liebigs 615, 1 (1958). 

F. A. Corton, J. Chem. Soc. 401 (1960). 
. D. Rosperts, J. Am. Chem. Soc. 72, 3300 (1950). 

J. Cuatt, L. M. VALLERINO and L. M. Venanzi, J. Chem. Soc. 3413 (1957). 
. Cuatt and L. M. Venanzi, J. Chem. Soc. 4735 (1957). 
. GouBEAv, Ann. Chem. Liebigs 567, 214 (1950). 
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O00 750 400 


Fig. 1. Infra-red spectra of liquid and solidfcyclo octadiene and two of its complexes. 
(a) CyH,, (solid); (b) (liquid); (¢) CuCl-C,H,,; (d) PdCl,-C,H,,. 


tegions in which absorption peaks due to the “‘chair’’ form of C.H,, are not coincident with those 
of the “tub” form, 
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The structures of 1: 5-cyclo-octadiene and its complexes 


conformations with the “tub” form predominating. The additional absorption 
bands in the liquid phase system are probably due to the ‘chair’ form of the 
molecule and occur at 1211, 1003, 801, 707 and 649 em~!. Many other bands due to 
this form will, of course, be coincident with those of the ‘“‘tub’’ conformation of 


cyclo-octadiene. 


Table | (see also Fig. 1) 


Liq. CgH,, Cryst. Liq. CgHy, CuCl-C,H,, PdCl,-C,Hy, 


Infra-red Raman 
1669 s 1655 m N.I. 1500 w 
1618 sh 1629 w 
1486 vs 1497 s 1488 vs 1470 ms 1480 m 
1449 m 1452 m 1448 m 1458 mw 
1430 vs 1430 s 1432s 1428s 1427 m 
1401 vw 
1357 m 1353 w 1350 vs 1342 wm 1343 ms 
1320 vw 317 w 1316 wm 1306 vw 1320 mw 
1267 m 1301s 1273 vs 1250 mw 
1236 ms 1230 ms 1238 vw 1236 m 1233 mw 
1208 s 1211 wm 
1194 m 1182 wm 1188 m 
1087 s 1076s 1083 wm 1078 m 1095 m 
1062 w 
1034 mw 
17 1003 s 1003 ms 1013 m 1017s 
972 w 978 m 969 w 990 m 
952 m 
910 wm 902 s 9l4v 900 vw 921 mw 


860 
850 
843 w 840 w 840 ms 840s 


725 sh 720 vs 736 vs 
707 vs 699 sh 710 ms 7O8 s 


661 w 673 wm 679 m 


543 vw 561 
497 wm 507 ms 500 wm 
468 wm 470 ms 473 w 455 w 450 ms 


Another complex was prepared by addition of the diolefin to cuprous chloride 
in hydrochloric acid. A white, insoluble, rather unstable material was obtained 
with the formula CuCl-C,H,, (Found C = 44.5; H = 5.77; Cale for CuCl-C,H,, 
C 46.2: H 5.8%). The infra-red spectrum of this compound was found to be 
different from those recorded for the crystalline ligand and its chelate complexes. 
It is considered significant that the major differences between the spectra of the 
chelate complexes and that of this copper | complex occur in the region 1000—500 
em~' (where most absorption bands are due to skeletal vibrations of the eight- 
membered ring) and that furthermore at least two of the strongest peaks which 


915 


S20 m 815s 820 mw 
SOL vs 8068 802s 789 m 
756 w 
649 vs 664 vs eC 
652 


P. J. Henpra and D. B. Powe. 


have been ascribed to the ‘‘chair”’ form coincide quite closely with those found for 
(CuCl-C,H,,). This evidence suggests that the complex may contain ligand mole- 
cules in the ‘chair’ conformation. Since in this complex there are no absorption 
bands near 1600 cm~! which could be attributed to free olefin linkages, it is clear 
that each ligand molecule is doubly co-ordinated. This evidence would be con- 
sistent with a polymeric structure for (CuCl-C,H,,) in which the cuprous ions are 
linked by eyclo-octadiene molecules in the ‘chair’ conformation. This suggestion is 
supported by the empirical formula, insolubility and low stability of the compound. 
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An infra-red study of the hydrates of sodium carbonate 
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Abstract—The infra-red spectra of the hydrates of NagCO, have been recorded. Na,CO, - H,O, 
Na CO, » 7H,O and Na,CO, - 10H,O are definite compounds. The spectra of the heptahydrate 
and the decahydrate are identical. Other hydrates are mixtures of the monohydrate with one of 
the higher hydrates. 
Introduction 

Sopium carbonate forms a series of hydrates. During the last hundred years a 
considerable number of hydrates have been described, viz Na,CO,-H,O; Na,CO,-: 
I$H,O; Na,CO,-2H,O; Na,CO,4H,O; Na,CO,6H,O; Na,CO,-7H,O and 
Na,CO,:10H,O[1]. At present, however, the existence of only three hydrates, the 
mono-, hepta- and decahydrates, is recognized [2]. The other hydrates, which have 
been reported, should be considered as mixtures of the three hydrates mentioned 
above. The purpose of this study was to investigate whether it is possible to 
distinguish between different hydrates by means of infra-red spectroscopy. 


Experimental 

The hydrates were studied as Vaseline mulls. Use of films proved to be un- 
practical, as the samples dehydrated rapidly when exposed to the atmosphere. 
This did not apply to the monohydrate, which is stable at a water-vapour pressure 
of 8 mm (40 per cent relative humidity at 22°C). None of the hydrates was studied 
in alkali-halide pellets, as an exchange of water with the matrix is very likely. 

The monohydrate was prepared by exposing films of the anhydrous salt on 
rocksalt plates to the atmosphere of the laboratory for three days. Some of the 
films were then covered by a second rocksalt plate, coated with Vaseline. The 
heptahydrate was crystallized from a saturated solution at 34°C [3]. The deca- 
hydrate was crystallized from a saturated solution at 0°C. The two higher hydrates 
were dried quickly between filter paper and immediately mulled with Vaseline to 
prevent exposure to the atmosphere. 

The spectra were recorded with a Perkin-Elmer Model 21 spectrophotometer 
fitted with NaCl optics. 


Results and discussion 
A. Sodium carbonate monohydrate 
Mull and film spectra of Na,CO,°H,O are shown in Fig. 1 and the observed 
frequencies are listed in Table 1. 


1] Gmelins Handbuch der anorganischen Chemie Bd. 2 728. Verlag Chemie, Berlin (1938). 
2) A. E. Hivt and F. W. Mivier, J. Am. Chem. Soc. 49, 669 (1927). 
3) T. W. Ricuarps and A. H. Fiske, J. Am. Chem. Soc. 36, 485 (1914). 
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Na,CO,H,O crystallizes in the rhombic system, space group V}*, with four 


molecules per unit cell [4]. As the carbonate ion occupies a site of which the 


symmetry is C,, the surrounding crystalline field removes all the degeneracy and 


all the vibrational modes are infra-red active. This implies that », which is infra- 


red inactive in a Dy, ion, should be observed in the spectrum of the monohydrate. 


FREQUENCY (cm-') 


1250 


$00 1000 900 


TRANSMISSION 


WAVELENGTH (MICRONS) 


Fig. |. The infra-red spectrum of Na,CO,H,O. A. Film on a NaCl plate. B. Vaseline mull. 


; (* Bands due to Vaseling 
Table 1. The frequencies and assignments of the infra-red bands of Na,CO, - H,O 
jueney (cn Rel. intensity Assignment 


lattice mode 


In addition, the doubly degenerate vr, and v, levels should be split. These features 


are also found in the spectra of anhydrous alkali carbonates [5, 6]. 


In this regard, the bands at 686 and 702 cm~' can be assigned to the two 


components of r,, although the intensity difference between the two bands seems 


abnormal. The splitting in rv, is too slight to be observed in the Vaseline-mull 


4) J. P. Harper, Z. Krist. AQ5, 226 (1936). 
5) K. Beis and C. J. H. Scuwrre Spectrochim, Acta 17, 927 (1961). 
6) C. J. H, Scnwrre and K. Buiss. Spectrochim, Acta 17, 921 (1961). 


918 


80004000 3000 2300 2000 000 700 
8 
; / 
| 
| 
q 2 3 4 5 6 
17 
196: 
3250 m HO 
if w sp 
1672 wb 
1450 vs split 
w vap 
Th 
ans | 1 2 
S52 sh 
702 vw b 


An infra-red study of the hydrates of sodium carbonate 


spectrum, but is clearly observed in the film spectrum because of the Christiansen 
effect. The spectrum is thus in agreement with the crystal structure and evidently 
different from the spectrum of anhydrous Na,CO, [5], especially in the low- 
frequency region (¥, and y,). The assignments of the 868 and 852 cm~' bands have 
been given by analogy with the spectra of other carbonates [7]. The band at 
905 em~!, however, cannot be explained on this basis. 


B. Sodium carbonate heptahydrate and sodium carbonate decahydrate 

Na,CO,-7H,0, when crystallized from a saturated solution at 34°C, belongs to 
the rhombic system («-Na,CO,°7H,0) [8]. Na,CO,°10H,0 also belongs to the 
rhombic system [8]. The rhombic system does not have a threefold axis and thus 


the degeneracies of the carbonate vibrations are removed and all the vibrational 


modes are infra-red active. 


FREQUENCY (cm!) 


TRANSMISSION ——= 


| 
| 


WAVELENGTH (MICRONS) 


Fig. 2. The infra-red spectrum of the he ptahydrate and decahydrate of Na,CQO,; Vaseline 
mull. (* Bands due to Vaseline.) 


The infra-red spectra of Na,CO,10H,O and Na,f ‘0, 7H,O proved to be 
identical. The spectra are shown in Fig. 2 and the frequencies and assignments 
are given in Table 2. As the crystals of Na,Ct ).-7H,O and Na,CO,-10H,0 consist 
for the greater part of water and as the crystal structures are very similar, the 


carbonate ions are most likely similarly surrounded by water molecules in both 


cases. This explains why the spectra are identical. It is es ident from the broadness 


of the bands that hydrogen-bonding makes an important contribution to the 


cohesive forces of the crystal lattices. In this respect it should be noted that the 


two water bands occurring at 3175 and 3480 cm 1 are due to water molecules 


occupying different positions in the lattice. A comparison with the 3250 em! band 


of the monohydrate shows that the 3175 em~ band is most probably associated 


with the carbonate—water hydrogen bridge, while the 3480 cm~ band is due to the 


water—water hydrogen bridge. 
Although the perturbing field acting on the carbonate ion in the monohydrate 


C. J. H. Senvrre and K. Buss, Nature. In press (1961). 
&| Data on Chemicals for Ceramic Use. Bulletin 107, National Research Council, Washington, Db. 1943). 
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has the same symmetry as that in the heptahydrate and decahydrate, its influence 
on the intensity of », on the one hand, and on the splitting in », on the other, is 
different in both cases. The intensity of », is higher in the monohydrate than in 
the heptahydrate and decahydrate. The extent of the splitting in »,, however, is 


Table 2. The frequencies and assignments of the infra-red bands of 
Na,CO,:7H,O and Na,CO,:10H,O 


Frequency (em™~') Rel. intensity Assignment 


3480 
3175 
2440 
2240 Vs 
1661 H,O 
1449 

1379 

LOGS 


H,O 


larger for the higher hydrates than for the monohydrate. This proves that the 
magnitude of the effects resulting from the perturbation of the carbonate ion by 
the crystal field does not give a reliable indication of the strength of the perturba- 
tion. 

If the decahydrate is exposed to dry air, it rapidly loses water. According to 
Landolt—Bérnstein, the dihydrate is formed in this case. The spectrum of weathered 
decahydrate shows only the presence of the monohydrate. In analogy with the 


hydrates of K,CO, [6] the spectrum of a dihydrate of Na,CO, would be different 
from that of the monohydrate. The reported dihydrate is most likely a mixture of 
the monohydrate and unaffected decahydrate. As the amount of decahydrate in 
the mixture is relatively low and the spectrum contains no sharp bands, the mono- 
hydrate obscures the decahydrate spectrum. The reported tetrahydrate [1], which 
forms when the decahydrate is dehydrated by alcohol, also gives the monohydrate 


spectrum. 
Conclusion 

Infra-red spectroscopic evidence points to the existence of at least two hydrates 
of sodium carbonate. The features of the spectrum of the monohydrate are not 
present in the spectrum of the heptahydrate, which proves that the heptahydrate 
is a definite compound, while its infra-red spectrum is identical to that of the 
decahydrate. Other hydrates of Na,CO, reported in the earlier literature have 
been found to contain the monohydrate and are thus mixtures. 
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Abstract—The infra-red spectrum of anhydrous K,CO, has been recorded and an assignment is 
given. Only two hydrates of K,CO, could be identified. 


Introduction 


AnuyprRovus K,CO, belongs to the monoclinic system [1]. The space group, 
however, is unknown. This compound is very hygroscopic and deliquesces rapidly. 
Consequently, in infra-red work care has to be taken to ensure that an absolutely 
dry sample is studied. The spectrum published by Mrtiter and Wiikrns [2], for 
instance, clearly shows the high water-content of their sample. There is still some 
confusion about the number and composition of the hydrates of K,CO, [3, 4]. 
According to H1iLt and MILLER [5] only one hydrate, i.e. 2K,CO,°3H,0, occurs. 


Experimental 


Films of K,CO, were obtained by painting a suspension of small K,CO, 


particles in carbon tetrachloride on the surface of a heated NaCl plate. The plate 
was then heated for 15 min at 400°C to ensure that all the water was driven off. 
The still-hot K,CO, film was then mulled, using dry Vaseline. The spectra of 
mulls prepared in this manner gave no indication of the presence of water. 

The mulls of the hydrates were prepared as follows: a fine powder of dry K,CO, 
was spread on a glass plate in a room with 60 per cent relative humidity at 22°C. 
Samples were taken every 10 min and immediately mulled, using dry Vaseline*. 


Results and discussion 
A. Anhydrous K,CO, 

The infra-red spectrum of anhydrous K,CO, is shown in Fig. 1 and the fre- 
quencies are listed in Table 1. 

The space group of K,CO, is unknown and consequently no assignment of the 
symmetry species could be made. As the crystal habit is monoclinic [1], it follows 
that the site group of the carbonate ion is C,,, C, or C,. Under each of these a 

* Vaseline Brand Petroleum Jelly. 


{1] Data on Chemicals for Ceramic Use, Bulletin 107, National Research Council, Washington, D.C. (1943). 

[2] F. A. and C. H. Wiixrns, Anal. Chem. 24, 1253 (1952). 

[3] G@melins Handbuch der anorganischen Chemie Bd. 22, 8S. 843. Verlag Chemie, Berlin (1938). 

[4] J. W. MELLoR, Comprehensive Treatise on Inorganic and Theoretical Chemistry Vol. II, p. 754. 
Longmans-Green, London (1946). 

[5] A. E. Huct and F. W. Miter, J. Am. Chem. Soc. 49, 669 (1927). 
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The infra-red spectra of K,CO, and its hydrates 


level which has Z-symmetry under D,, is split into two components, while A,’ 
levels must become infra-red active. In Fig. 1 it can be seen that yr, is split into 
two components by the crystalline field, while », (A,° symmetry under D,,) is 
activated. The splitting in the strong », (#) was not observed, probably because 
of the weakness of the perturbation. There is an indication in Fig. 2 (A) that this 


Table 1. The frequencies and assignments of the bands of anhydrous K,CO, 


Frequency (em™!) Relative intensity Assignment 
vw 
Ww sp 
sp 
Vs 
1060 VVW 
SSO m sp 
855 vw sp vy-lattice mode 
691 Ww sp | 
685 Ww sp \"3 


band is split. The 855 em~' band is similar to the difference band found in the 


spectra of many other carbonates [6]. 
The spectra of Na,CO, [7] and K,CO, are very similar. This probably also 
applies to their crystal structures. 


B. The hydrates 

Fig. 2 shows the changes which occur in the spectrum when anhydrous K,CO, 
absorbs a considerable amount of water. The splitting of the », band is quite pro- 
nounced in the spectrum of the hydrated K,CO,. The maximum absorption occurs 
at 1379 and 1464 cm~!. The band due to », + v, is split into two peaks at 1736 
and 1757 em~'. The two bands at 2165 and 2083 (v, + v,) (see Fig. 1) have com- 
pletely disappeared and a new band, which might have the same origin, appears 
at 2262 cm~!. The pair of bands which occurred at 2520 and 2445 cm~ are shifted 
to lower frequencies and their intensities have become equal. In addition a large 
water band appears at 3175 em~!. 

Below 1200 cm~! the changes in the spectrum are more specific. This part of 
the spectrum, for samples with increasing water content, is shown separately in 
Fig. 3. The observed phenomena can be explained by assuming that two hydrate 
forms appear consecutively. In both hydrates, », is much stronger than in the 
anhydrous salt. In anhydrous K,CO,, the v, vibration occurs at 880 em~!. This 
band is shifted to 884 cm~ in the first hydrate and to 867 em~! in the second 
hydrate. The difference band at 855 em~' also occurs in the spectra of both 
hydrates, but has shifted to 850 cm~'. The », absorption at 691 and 685 em~ in 


’. J. H. Scnvurre and K. Buiss, Nature. In press (1961). 
K. Buiys and C. J. H. Scuurre, Spectrochim. Acta 17, 927 (1961). 
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The infra-red spectra of K,CO, and its hydrates 
the anhydrous salt is rather more split in the first hydrate (705 and 673 em). 
This is in accordance with the splitting in », + v, in the hydrates (Fig. 2). At the 
transition between the first and second hydrates, the intensities of the 705 and 
1 


673 cm~! bands decrease, while a new band appears at 686 cm These results 
are summarized in Table 2. 
FREQUENCY (CM~'). 


1000 1000 900 850 800 750 
T T T T T 


| 

| 
2 
= 
z 
a 


10 2 
WAVELENGTH (MICRONS) 


Fig. 3. The infra-red spectra below 1200 cm~? of K,CO, in various stages of hydration, 
A. Anhydrous K,CO,. B-—D. Increasing hydration, (* Bands due to Vaseline). 


Table 2. The low-frequency bands of anhydrous K,CO, and its hydrates 


Anhydrous K,CO, First hydrate Second hydrate 

(cm 1) (cm 1) (cm 1) 
1060 1060 1060 
SSU S84 S67 
855 850 850 
691 705 686 
685 673 


It is known that K,CO, forms a hydrate which has the composition 2K,CO,. 
3H,0 [1, 5] and belongs to the monoclinic system. Another hydrate seems to be 
K,CO,-H,0, which also belongs to the monoclinic system [1]. The first hydrate 


925 


| 
| | 
| 
| | . 
| 
B 
| | 
| 
| 
_ | | 
= 
| 
3 


C. J. H. Scnutrre and K. Buiss 


which forms upon hydration of K,CO, is thus K,CO,-H,O and the second hydrate 
2K ,CO,-3H,0. 


Conclusion 
The infra-red spectrum of anhydrous K,CO, is in accordance with its crystal 
habit. The ion does not have a three-fold symmetry. The occurrence of only two 
hvdrates is affirmed by this infra-red study. 


by 
7 
VOL. 
17 
196] 


Spectrochimica Acta, 1961, Vol. 17, pp. 927 to 932. Pergamon Press Ltd. Printed in Northern Ireland 


The infra-red spectra and structures of Li,CO, and anhydrous Na,CO, 
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(Received 5 April 1961) 
Abstract—The infra-red spectra of Li,CO, and anhydrous Na,CO, have been recorded. The 
spectrum of Li,CO, is fully in accordance with its crystal strue ture. Evidence is presented that 


the crystal steustune of Na,CO, is similar to that of Li,CO, ' aithous rh the interaction between 
crystal lattice and the ¢ 0,2 ion is much weaker in Na, x O, co in Li,COg. 


Introduction 

THE site group [1] of the carbonate ion in the lattice of the carbonates must be 
identical with the point group of the free ion (D5), or one of the subgroups of 
D,,, i.e. it must be one of the following: Cy,, Dg, Cs; [2]. 

The vibrational Hamiltonian of the vibré hie aes m in a field may be written 
H, = Hy + yH,. Hy, is the vibrational Hamiltonian of the free ion; it has the 
same symmetry as the point group of the free ion. H, is the perturbing Hamilton- 
ian which has the same symmetry as the perturbing crystalline field. In this case 
H, must have the symmetry of one of the subgroups of D,,. The influence of 
on the symmetry species of the different fundamental, overtone and combination 
levels of the carbonate ion is given in Table 

Table 1. The influence of the symmetry of the perturbing field on t 


is ofa 


fl) R. S. HaLrorp,. em. Phys. 14, 8 (1946 
B. Witson, J.C. Decitus and P.C, Cross, 


L 
96] 
ibrational leve /),, ion 
Site group 
Mock 
1, 1, i 1 { 
Vs 
1, 1” i. 1, B, 1 B { 
Ms 
E’ E E i, + B, E i+B \24 
Vs 
i, 1’ 1, 1, 
4 
1, E ii+E£ 2A, + B, 3A 
25 
1, E’ 2A E 1, E 2A 2B, 2A E 24 2B 4A 
? 
E E E 2A, } 24 24 
a 
levels { 1, 1, 1, { { { 
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The infra-red spectra and structures of Li,CO, and anhydrous Na,CO, 


As soon as the site symmetry of the carbonate ion in a lattice is C,,, C, or C,, 
all the degeneracy is removed and all the vibrational levels are infra-red active. 


Experimental 
The infra-red spectra of crystalline Li,CO, and Na,CO, were recorded using a 
Perkin-Elmer Model 21 double-beam spectrophotometer fitted with a NaC! prism. 


The samples were prepared as mulls with Vaseline,* as thin films on NaC! plates 


and as dispersions in pressed alkali halide pellets. 

The Li,CO, films were obtained by painting a dilute aqueous solution of the 
varbonate on the polished surface of a heated NaCl plate. Na,CO,-films were not 
prepared in this way because of hydrate formation, but from a suspension in 


n-hexane. 
The Merck and Fischer P.A. reagents were used. The concentration of the 
carbonate in the l-mm thick KBr and NaC! pellets ranged between 0-2 and 2 per 


cent (w/w). The occurrence [3] of either double decomposition between the car- 
bonate and the alkali halide matrix (KBr and NaCl) or solid solution formation 
was excluded, as the spectra of the carbonates in the alkali halide matrix were 
identical with those of the mulls. In addition, the spectra which were obtained of 
the carbonates pressed in alkali halides completely lacked the features of the 
spectrum of the solid solution of the CO,?> ion in alkali halides [4]. 
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Results and discussion 
A. Lithium carbonate 


Lithium carbonate crystallizes in the monoclinic system, space group C%,— 


t 


('2/e with four molecules per unit cell [5]. From a comparison of the site groups 
of the space group ||] with the subgroups of the ionic point group (D,,), it follows 
that the carbonate ion occupies a site of which the symmetry is C,. The symmetry 
of the surrounding crystalline field removes all the degeneracy, and all the vibra- 
tions become infra-red active, as is shown in Table 1. 

The spectra are given in Fig. 1, and the frequencies and assignments are listed 


in Table 2. 

The observed splittings of the degenerate fundamentals (2’) of the ion are in 
accordance with the theory outlined above, i.e. both », and », split into two 
components. Furthermore, the inactive », appears in the spectrum at 1088 em~, 
because of the perturbing influence of the surrounding crystalline field. The weak 
band at 846 em~! cannot be explained at present. 


b. 


Sodium carbonate 


The crystal habit and space group of anhydrous Na,CO, are unknown. Accord- 
ing to WALDECK, ef al. [6], however, the crystals are biaxial, which leaves only the 
triclinic, monoclinic and rhombic systems for the crystal habit of Na,CO,. Thus 


* Vaseline Brand Petroleum Jelly. 
[3] J. A. A. Kerecaar, C. Haas and J. vAN per Evsken, J. Chem. Phys. 24, 624 (1956). 
K. and C. J. H. Scnurtre. To be published. 

5) J. ZEMANN, Acta Cryst. 10, 664 (1957). 

(6) W. F. Wavpeck, G. Lynn and A, E. Hitt, J. Am. Chem, Soc. 54, 928 (1932). 
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Table 2. The frequencies and assignments of the infra-red bands of Li,CO, 


Relative 

Frequency 

intensity 
2558 WwW sp 
2494 sp 
1842 
1806 sp 
1495 sp 
1437 sp 
sp 
S66 ssp 
846 sp 
741 wb 


712 vw b 


Assignment 


Symmetry 


species 


the precise symmetry of the perturbing crystalline field which acts on the carbonate 


ion is unknown in this compound. 


The infra-red spectrum of anhydrous Na,CO, is given in Fig. 2, and the fre- 


quencies are listed, together with the assignments, 


in Table 3. 


Table 3. The frequencies and assignments of the infra-red bands of Na,CO, 


Frequeney (em~}) Relative intensity 


2930 vw 
2560 vw 
2404 Ww sp 
2120 vvw complex 
1776 Ww sp 
1451 vs split 
1079 VVW 

SS] 


855 W sp 


701 sp 
694 Ww sp 


Assignment 


In NaCl only the splitting of v, is observed, whereas v, seems to be single (and 
even is rather sharp in this spectrum). The Christiansen effect in the film spectra, 


however, affected the shape of the vy, band in such a 
evident. The occurrence of y, in the spectrum is 
symmetry containing no threefold axis (see Table 
is also observed in the spectra of various hydrates 


way that the splitting is clearly 
also in accordance with a site 
1). It should be noted that vs 
of Na,CO,. In this case, how- 


ever, other (stronger) bands are found which are absent in the spectrum of the 


anhydrous salt [4]. The complexity of the extremely weak », — », absorption also 


argues in favour of a low site symmetry of the carbonate ion. 


It was impossible to explain the occurrence of the weak 855 em~' band, which 


seems to be analogous with the 846 em~ band in Li,CO,. These bands could be 


due to a combination of the fundamental », with a low-frequency lattice mode. 
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Conclusion 
The infra-red spectrum of Li,CO, is fully in accordance with its crystal struc- 
ture. From the recorded spectrum of anhydrous Na,CO,, strong evidence is 
obtained that the unit cell contains no threefold axis. The crystal structure of 
anhydrous Na,CO, is probably very similar to that of Li,CO,, although the 
extremely weak intensity of vy, and the small splitting of », point to a much weaker 
perturbation of the ion by the crystalline field. 
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Abstract—The Raman and infrared spectra of five monosubstituted benzenes have been measured. 


The spectra of all five were assigned on the basis of C,, symmetry. However, the spectra 


indicate that thionylaniline and anisole, as was to be expected, have lower symmetry than 
C,,; the number of polarized Raman lines suggests that they are both C, molecules. 


I. Introduction 

DvuRING the course of a study of the far infrared spectra of substituted benzenes [1], 
it became necessary to have vibrational assignments for the five monosubstituted 
benzenes: nitrobenzene, pheny] isocyanate, phenyl isothiocyanate, thionylaniline 
and anisole. We found we could not make assignments from published spectral 
data on these compounds as the data were too incomplete. We have, therefore, 
redetermined their infrared spectra, extending the measurements from 4000 to 
285 cm~', and determined their Raman spectra, complete with qualitative polari- 
zation measurements. 

Probably the most complete discussion of the assignment of the characteristic 
vibrations of monosubstituted benzenes is to be found in articles by RANDLE and 
WutrreN |2] and Wutrren [3]. They treated all of the monosubstituted benzenes 
as if they belonged to the symmetry point group C,,. This implies that the 
substituent is centered on the symmetry axis (the z-axis), and that the molecule 
possesses one twofold axis of symmetry and two vertical planes of symmetry (the 
plane of the molecule is taken as the xz-plane). There are four symmetry classes: 
A, in which the plane of the ring and the perpendicular plane of symmetry are 
preserved, B, in which the plane of the ring is preserved, B, in which the perpen- 
dicular plane is preserved, and A, in which neither plane is preserved. Of the 
thirty fundamental frequencies of C,H,—X, assuming the substituent to be mon- 
atomic, there are 11A, 10B, + 3A, + 6B,. Further, five are of the type vyCHt 
occurring around 3050 cm~'; nineteen others were found by RANDLE and WHIFFEN 
to be insensitive to the nature of X, and the remaining six vibrations are all 
sensitive to the nature of X. 

* This research was supported by the United States Air Force under Contract No. AF 33(616)-5855, 
monitored by the Materials Central, Wright Air Development Division, Wright-Patterson Air For 
Base, Ohio. 

+ In this notation, rCH denotes a C—H bond stretching; »CC denotes C—C bond stretching: «CCC 


denotes C—C—C angle deformation; SCH denotes in-plane C—H angle deformation; yCH denotes 

out-of-plane C—H angle deformation; dCC denotes torsional deformation of a C—C bond. 

[1] Wright Air Development Division, Technical Report 60-333, May, 1960. 

[2] R. R. Ranpve and D. H. Wutrren, Molecular Spectroscopy (Edited by G. Set) p. 111. Institute 
of Petroleum, London (1955). 

[3] D. H. Wutrren, J. Chem. Soc. 1350 (1956). 
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The thirty normal modes of C,H,—X have been diagrammed many times | 1—5] 
and will not be repeated here. However, there are several systems of notation in 
use, a situation which easily leads to confusion. We have attempted to correlate 
the three systems most commonly employed, those of HERZBERG [4], WILSON [5], 
and RanpLe and Wutrren [2]. These are tabulated in Table 1, along with the C, 


t 


Table 1. Notation and average wavenumbers of monosubstituted benzenes 


RANDLE and ; 
HERZBERG WILSON Co. Wavenumber 
WHIFFEN ‘scription 
) 


no. no. species (cm 


mbol 


ca. 3062 
rCX 650-800 
BCH 270 
yCH 751 
vCH ca. 3060 
1001 
yCH 982 
c 697 
1324 
1072 
837 
08 
1050-1220 
ca. SOSO 
1499 
1451 
1029 
200-400 
ca. 3047 
ca. 3047 
L588 
1606 
1156 
1177 
620 
250-525 
962 
450-500 
406 
150-250 


symmetry species and the average values of the wavenumbers of monosubstituted 


benzenes as given by RANDLE and Wuirren. The numbering system designated 
“Herzeere no.” in Table | uses for a vibration in a substituted benzene the num- 
ber for the corresponding vibration of benzene. Since ten of the benzene vibrations 
are degenerate, primed and unprimed numbers were used to distinguish between 


[4| G. Herzperc, Infrared and Raman Spectra of Polyatomic Molecules, Vax Nostranp, New York 
1945 
(5) E. B. Wiison, Jr., Phys. Rev. 45, 706 (1934). 
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3 B, 
4 f By 
5 Ze Ay 
6 1 Ay 
7 B, 
B, 
9 | B, 
10 15 d B, 
ll 10a g A, 
11 10b i B, 
‘ ‘ 
‘ee 12 20a q A, 
13 19a m Ay 
13 19b n B, 
14 Isb B, 
15S 7a A, 
16 sb l B, 
16 Sa Ay 
17 Ob B, 
17’ Ya a Ay 
18 6b B, 
is 6a t A, 
Se 19 A, 
on 20) 16b B, 
é 
Be 
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these two. That is, the benzene mode »,,(vCC)e gives rise in monosubstituted 
benzenes to the two modes »,,(vCC)a, and ¥,4'(vCC)h,. 

It was not too difficult with the help of the data of Table | to assign the twenty- 
four insensitive phenyl vibrations. However, the rather large ranges over which 
the six sensitive frequencies, (vCX)a,, v(vCX)a,, ‘ay, (BCX), 
(YOX)bg, and occur made their assignment more difficult. Not only 
are five of the six grouped together below 800 em, but, in addition, their ranges 


overlap. In like manner, the low-wavenumbe in-plane and out-of-plane sub- 


stituent vibrations were assigned with less certainty. 


II. Experimental 
A. Materials 


Eastman Kodak reagent grade nitrobenzene was fractionated through a 2-5 120 em 
Stedman column having a maximum of ninety-five theoretical plates. The middle fraction 
had a boiling point of 81:5 °C at 9mm Hg. 

Phenyl isocyanate was an Eastman Kodak reagent and was fractionated through a 14 330 
min glass column, packed with stainless steel protruded packing manufactured by the Scientific 
Development Company. The estimated theoretical plate value of the column was 15. The 
center fraction collected had a boiling point of 163°C at 760mm Hg. 

Pheny! isothiocs anate was also an Eastman Kodak reagent and was treated the same way 
as phenyl isocyanate Its center cut boiled at 193°C at 1l mm Hg: ns 1-6474. 

\ sample of thionylaniline (or N-sulfinylaniline, C,H,—NSO) was given to us by Dr. Y. F. 
SHEALY of the Institute’s Organic Division. Dr. SHeaLy prepared the sample by reaction of 
aniline and thionyl chloride according to the method of Pestn and KHALEeTsKy [6]. and in 
agreement with them obtained a yellow liquid, b.p. 86°C at 16mm. It was also characterized 
by its ultraviolet spectrum, which showed two peaks: A, 232-233 mu, ey 5-08 10? 1. 


7, 313-314 mua, e, 9-0] 10? 1. mole! em! (at a concentration of 7-4 mg/l. 
in 1,4-dioxane solution) 
Anisole, an Eastman Kodak reagent, was fractionated through the same column dese ribed 


above under phenyl isocyanate. Its center cut boiled at 153-5°C at 760 mm He; uy 


B. Spectra 


The infrared spectra were measured on a Perkin Elmer model 21 spectrophotometer* 


equipped with a sodium chloride (4000-650 em~!) or a cesium bromide (700-285 em—) prism. 
In the cesium bromide region a transmission filter of polyethylene, mounted before the entrance 
slit of the monochromator, was « mployed to reduce stray light. Both regions were calibrated 
against atmospheric carbon dioxide and water vapor bands. Wavenumber accura¢ y 1s estimated 
at 15 between 4000 and 2500 em-!, 5 between 2500 and 1000 and 2em! 
between 1000 and 285 em-!. The samples were all run as pure, undiluted liquids, either as 
capillary films or in fixed-thickness cells. 

{aman spectra were run by us in the laboratory of Dr. Ernest Jones at Vanderbilt Univers- 
ity. The instrument used was a Hilger double-prism Raman spectro, raph, model E-612. All 
samples were run as pure liquids. They were filtered through sintered-glass filters dir 
the Raman tubes, which were the n sealed off. For most of this work the exe iting radiation \ 
the 4358-A mercury line. This exciting line was isolated by a filter consisting of a solution of 
16 g¢ p-nitrotoluene and 0-015 g of Rhodamine 5 GDN Extra per 100 ml of 50 volume per cent 


ethanol-acetone. For the runs on thionylaniline it was necessary to use the 5461-A mercury 


* The C—-H stretching region of anisole was later re-run on a Perkin—Elmer model 221-G equipped 
with a sodium chloride prism and a 240 line per-mam grating. The resolution in this case was about 


2 em! and the accuracy lem~', All infrared bands reported here for anisole above 2800 em-! were 
obtained on this instrument. 


[6] V. G. Pestn and A, M. Knarersky, J. Gen. Chem. U.S.S.R. (Eng. Transl.) 27, 2656 (1957). 
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line for excitation since the 4358-A line is too strongly absorbed by this compound. The 5461-A 
line was isolated by a filter composed of an acidic 25 per cent solution of didymium chloride. 
Detection was by the photographic technique. For the work with the 4358-A line, Eastman 
103a—J plates were used; for the work with the 5461-A line, Eastman II-D plates were used. 
Only qualitative polarization measurements were made, the Wollaston prism technique being 
employed [7] 
III. Results and discussion 

A. Nitrobenzene 


The infrared spectrum of nitrobenzene has been reported by LENORMANT and 
CLEMENT [8], Josten and Lespas [9] and Mecke [10]. Raman spectral data have 
been reported by Wrrrek [11], CaBannes and Rovsser [12], and in Landolt 
Bornstein {13}. Several of these authors have made wavenumber assignments: 
however, the data were incomplete in the low-wavenumber region of the infrared, 
and the Raman data were inconclusive for the assignments in at least one case 
the assignment for y,,. For these reasons the Raman spectrum and the infrared 
spectrum from 4000 to 285 em~' have been redetermined for nitrobenzene. The 
observed spectra and our assignment are given in Table 2.* 

Trovrrer {14} has found by \-ray analysis that solid nitrobenzene at — 30°C is a 
planar molecule with C,, symmetry. The spectra seem to indicate that this is the 
symmetry of the molecule in the liquid phase also. 

As mentioned above, most of the fundamental vibrations associated with the 
benzene ring are expected to be insensitive to the nature of the substituent and are 
rather easily assigned by comparison with the data of Table | and the assignments 
of Wurrren for the monohalobenzenes [3]. Of the six vibrations associated with 
the benzene ring which are expected to be sensitive to the nature of the substituent, 


is the highest of the a, vibrations, usually occurring in the region 1050—-1250em~',. 


Vee 
12 
Accordingly the otherwise unassigned Raman-polarized line at 1110 em is 


assigned as r,,. Of the remaining two sensitive a, vibrations, r, is assigned as the 


pol irized line at 680 since r, usually occurs in the region 650-800 the 


weakly polarized line at 306 cm must be since y,, is normally found in 


the region 250-525em~'. The lowest 4, vibration, : is usually found in the region 


150-250 em~' and is assigned to the weak Raman line at 182 cm~'. The other 4, 


ry, . Should be in the region 450-525 em~' and for nitrobenzene is 


the band at OS Cm Vos the b, vibration normally falls somewhere in 


gion 200-400 em~' and may be the weak Raman line at 251 cm 


s either that the hand 


onal 


5, (1937 


71046 


ypy. Spectral Cards 2409, 3367 and 3368 butter 


19, 229 (193: 
‘ Phy 


= ye 
17 
1046" 
vibration, 
probably 
the re 
" that ti ravenumber was inferred fros ertones ofr 
D. M. Yoer, J. Chem, Phys, (EE) 
MI Leman, Bull. ove. chien. Pronce, 98, 33, 
Ls Bu France, 23. 53 
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Table 2. 


Observed wavenumbers 


of nitrobenzene and their assignments 


Infrared 
(em~') 


1737 
1764 
y 
1905 

1935 vv 
1973 
vinn 


245 


Vas 


S180 vw, 


Raman 
(em 1) 


vw 
w, dp 


608 
682 
702 
751 


706 


B50 


G46 
47 


o7l 


Assignment 
a, Fundamental, —-NO, torsion 
b, Fundamental, ry’ 
i 
ay Fundamental, Vis 
by Fundamental, NO, rocking out-of plane 
b, Fundamental, Vig 
4, Fundamental, 
By Vy; 
b, Fundamental, 


Fundamental, v,, 


NO, rocking in-plane 


Viz 


a, Fundamental, vr, 


b, Fundamental, r, 
139 747 


By, vy 
Fundamental, 


4 


a, Fundamental, v,, 
a, Fundamental, ONO bending in-plan 
2(251 Vis 

b, Fundamental, pv, , 
1 442 


indamental, 19 


SUS 


Vie 
‘undamental 
indamenta 


31 


1041 


indamental 
tal 


undamer 


1386 


1420 


136 
251 vw 
306 m 397 vw, p? 
442 vw 
508 vw 513 vw 
533 w 531 vw 
556 vw 
615 vw n, dp | 
680 s 
703 
| 
795 8 mn, dp 
832 vw, sh 
853 
035 m 
w, p? 
072 vw “ 
1004 vw a 
1023 m | m, p a, 
w, dp By, Vig = 
1071 m | b, Fundamental, 
1007 w, sh By, Vs 
1163 w, sh 1159 m, dp b, F Viz 
1170 w, 3 ay ital, 
OL. 1250 w 1247 m, p 1,. 853 Vis 1249 
1263 vw, sh By, 251 1270 
17 1290 m, dp b, Fundamental, rv, i 
96] 1310 w, sh Vig 1303 
1320 m By. Vee 1331 
1351 vs 1346 vs, | 1, Fundamental, NO, symmetric stretching . 
1354 m 2 1360 
1385 w, sh 1383 m, dp B, 853 33 | 
14150 1418 m, dp 139 
1460 w, sh Funda ntal, 
1482 m 1475 m, 1 1, Fundamental, r,, 
L507 w, ay 1512 
1527 vs 1517 s, aly b, Fundamental, — NO, asymmetric stretching 
1565 vw, sh 1572 m, 3 1, Fundamental, r,, 
1500 1585 8, cy b, Funda tal, 
lé2lw 1617 vw 1615 
1640 ww, wh 1638 
1725 vw 1730 
1746 w, dy Pas Ve0 1747 
Vas 1771 
dp By, 1790 
1, 
sh 1, 
1, Vee Vee 
2210 vw 2% = 2220 
2270 vw 2273 
2450 w, 1,, 1351 + = 2461 
2686 m, p 2(1351 2702 
By, + 1351 = 2811 
1,, 1527 1351 2878 
“ 2036 w, Mae 1351 2016 
2045 vw 1351 2041 
1, Fundamental, 
3044 w, dp b, Fundamental, r,, 
, ah ay Fundamental, rv, 
sh b, I indamental, 
937 
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Although the fly vibrations should be inactive in the infrared, the two a, 
vibrations at 832 em~' and 972 em~! do occur weakly in the infrared spectrum of 
liquid nitrobenzene. However, they do not appear in Mecke’s spectrum of the 


vapor |10). The Raman line in the region of 832 em~' is probably obscured by the 


strong Raman line at 850 em~'. »,,, a substituent-insensitive vibration occurring 
at about 400 ecm~', is probably obscured by the polarized line at 397 em~'. 
Some of the vibrations associated with the substituent —-NO, group are fairly 


easily assigned. The strong polarized line at 1351 em~' and the strong unpolar- 
ized line at 1527 cm~' can be assigned as the symmetric and asymmetric —NO, 
stretching vibrations. The ONO bending vibration should be polarized and is 
undoubtedly the strong polarized line at 853 cm~'. The —NO, in-plane rocking 
mode, a 4, vibration, is probably at 533 em~'. The 442-em~! band might be the 


NO, out-of-plane rocking vibration. The low-wavenumber Raman line at 139 


cm~! might be the NO, torsion vibration. 


Phenyl isocyanate 

The spectra and wavenumber assignments of phenyl isocyanate, C,H ,—NCO, 
are given in Table 3. The spectra indicate a C,, symmetry for this molecule also. 
Again, the majority of the vibrations are found to have wavenumbers which are 
essentially the same as those found for almost all other monosubstituted benzenes. 
Of the vibrations sensitive to the type of substituent, rv,, is assigned as the polarized 
line at 1107 em~'. The other two symmetrical vibrations, vy, and r,,’, are assigned 
to the polarized lines at 761 em~' and 385 em~!'. The 496-cm~ band is probably 
Of the remaining low-wavenumber Raman lines, it is logical to assign ¥,, to 
1 


245 em~' and r,,' to 145 em 

rhe symmetric and asymmetric stretching vibrations of the NCO group are 
assigned to the strong, Raman-polarized line at 1448 em~' and the strong infrared 


land 632 


band at 2285 cm~'!. The two strong infrared bands at 569 em are 
probably 6, fundamentals associated with out-of-plane bending of the —NCO group. 

\fter this work was completed, a publication appeared by Ham and Wu.is 
15) which included a partial assignment of phenyl! isocyanate. Their assignment 
was based on their own infrared spectral data and on the incomplete Raman data 
of Kohlrausch [16], which did not include polarization measurements. As their 
assignment was also based on WHIFFEN’S general assignment for monosubstituted 
benzenes, ours differs little in the case of the insensitive ring vibrations. Four 
exceptions to this statement are the two degenerate pairs, ¥,,, 7,4’, and ¥,-, Te 
our assignment is just the reverse of theirs in both cases as a consequence of our 
having available polarization data with which to characterize the a, vibrations, 
¥;_ and »,,". Of the six insensitive ring vibrations, Ham and WILLIs assigned only 


at 490 cm~' and r,,’ at 246 cm~'. We agree with the assignment of v,q but 


Mig 
| should be lower for a substituent as heavy as the —-NCO group, and 


believe Vo, 
accordingly we assign it as the lowest observed Raman line at 145 em~!. Perhaps 
a more serious discrepancy is their assignment of the symmetric —NCO stretching 


vibration to 1108 em~'. This band, of medium intensity in both the infrared and 


15) N.S. Ham and J. B. Wiis, Spectrochim. Acta 16, 279 (1960 
16) K. W. F. Kowtrauscn, Ramanspektren p. 381 Akademische Verlagsgesellschaft, Leipzig (1943). 
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Table 3. Observed wavenumbers of phenyl isocyanate and their assignments 


Infrared Raman 
Assignment 
} 


145 


4, Fundamental, 7 


245 m, dp b, Fundamental, rv,’ 
386 m 385 w, p? a, Fundamental, v,, 
395 w, dp a, Fundamental, ry, 
459 vw 460 vw, p? 11> Vie Vig 454 
496 m 488 w, dp b, Fundamental, v,,’ 
569 s 565 vw, dp b, Fundamental, NCO bending out-of-plan: 
616 m, sh 621 w, dp b, Fundamental, v,, 
632s b, Fundamental, —NCO wagging out-of-plane 
6868 b, Fundamental, v, 
745 vw b, Fundamental, v, 
761m, p a, Fundamental, vy, 
795 vw 11> 790 
821 vw, sh B,, 1443 Vig 822 
829 w 830 vw a, Fundamental, v,, 
871 vw B,, Vig Vig 873 
901 m 907 vw b, Fundamental, v,,’ 
962 vw 957 vw ay Fundamental, Vis 
983 vw 983 vw », Fundamental, V; 
997 w, p? 992 


1003 vw 1007 8, p a, Fundamental, rv, 
1025 m 1022 w, p a, Fundamental, v,, 
1070 m 1069 vw b, Fundamental, v9 
1107 m 1106 m, p a, Fundamental, v,, 
1125 vw 1,,¥i9p + 632 1128 
1140 m, br A;, 2( 569) 1138 
1155 vw 1160 m, dp b, Fundamental, v,, 
1170 vw 1175 vw, p a, Fundamental, v,; 
1242 vw 2045 
1282 vw 1289 vw b, Fundamental, v, 
1305 vw 1,, Vs Vis 1302 
1334 vw 1339 vw 6b, Fundamental, r, 
1395 vw 1383 vw By, Ve 1393 
1448 m, sh 14438, p a, Fundamental, —_NCO symmetric stretch 
1453 m b, Fundamental, v,,’ 
1480 w, sh 1479 vw, dp By. ¥, Vie 1475 
1510 vw 1502 
15198, p ay Fundamental, 
1537 vw, dp B,. Vee 569 1531 
1588 m, sh 1596 m, p a, Fundamental, v,, 
1599 s 1608 s, dp b, Fundamental, v,¢ 
1665 vw 1660 
1720 vw B,, Vio Vis 723 
1776 vw Vie 177 
1860 vw By, + Vig 1858 
1880 vw, sh 11.0; 1884 
1942 vw By; Vig 1945 
1963 vw, sh 1983 vw 1,0; Vie 1977 
2090 vw B,, Vio Vig 2095 
2207 m, sh i,. 2Vi2 2212 
2285 vs 22740 a, Fundamental, NCO asymmetric stretch 


2340 w, sh By, Viz 2355 


2370 w. sh 2363 vw B,, Ve Vig 2369 
2449 vw 1448 2451 
2470 vw By, Vis 2460 
2568 w 1,, 295 2564 


2700 


2870 


2940 vw 2930 vw 14. Vig O33 
2968 vw By. Vig 
3025 vw, sh a, Fundamental, v,, 
3035 w, dp b, Fundamental, r,, 
3060 vw. sh ay Fundamental, vy, 
3083 vs, p a, Fundamental, vy, 
3100 vw, sh b, Fundamental, r,, 
1 12 


3170 


3580 


3710 


iJ 
17 
96] 
vw By. Vie Vig 2706 
2830 vw B,, Ve Vis 2823 
vw, sh w, p 11. 26 176 
3201 w, pt 2a 3198 
1,5. Vis 2274 33580 
1,, 1443 2274 3717 
e 
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taman and polarized in the Raman, is more logically assigned to the X-sensitive 
vibration, ¥,., which normally is found in the range 1050-1220 cem~'. This leaves 
the strong, polarized Raman line at 1443 em~! for the —NCO symmetric stretch. 


Phenyl isothiocyanate 

The spectral data and assignments for phenyl! isothiocyanate, C,H;—NCS, are 
presented in Table 4. From the spectra, one would infer a C,, symmetry for this 
molecule also. Again, the insensitive vibrations can be assigned rather easily by 
comparison with the data of Table 1. The remaining polarized lines at 355 em~ 
and 689 em~! are assigned as y,,’ and v,. 1, is assigned to the strong, polarized 
line at 1241 em~'. The medium Raman line at 245 cm~ is probably y,,’. The 6, 
vibrations, v,,' and r,,', are best assigned to 491 em~' and 180 em~'. The —NCS 
group symmetric and asymmetric stretching vibrations are at 927 cm~ and 2063 
em~'. The broad infrared bands at 443 em~! and 525 em~ are probably 6, 
out-of-plane bending vibrations of the —NCS group. 

This molecule was also assigned by Ham and Wits [15]. In this case their 
assignment was based on their own infrared and Raman data, the latter including 
polarization measurements. Our assignment is in closer agreement with theirs than 
was the case with phenyl isocyanate. Of the insensitive vibrations, the only 
difference is the degenerate pair »,, and y,,': although Ham and WILLIs find the 
Raman line at 1586 em~' to be polarized, they assign it to the b, vibration, »,,, and the 
strong infrared band at 1594 em™! to »,,’. We have reversed these assignments. 
The only other difference is in their assignment of r,,' to the depolarized Raman 
line at 242 cm~!. We interpret this line as v,,’ and assign v,,' to the lowest Raman 
line we observed, which was at 180 em~'. 

D. Thionylaniline 

Table 5 contains the spectral data and wavenumber assignments for thiony- 

laniline, Cg H,—NSO. This compound is extremely yellow and absorbs so much in 


the blue region that it was impossible to use the 4358-A Hg line as the parent line for 
Raman work. Accordingly, the 5461-A Hg line was used as a parent line. Because 


of this, the Raman spectrum was obtained only out to about 2500 cm~ and contains 
several regions in which Raman lines were obscured by strong mercury lines on the 
long wavelength side of the parent line, which could not be completely eliminated 
by filtering. The experimental details are given above. 

JENSEN and Bane [17] made dipole moment measurements on thionylaniline 
and the three nitrothionylanilines in an effort to determine the structure of the 

NSO group. Although the results were inconclusive, they did rule out most of the 
bent forms and could not rule out the linear structure. The linear structure would 
be stabilized by resonance, as indicated in the canonical structures I and II: 


—N—S—0O — 
! 
Additional stabilization would then be possible because structure I would be con- 
jugated with the phenyl ring. One must conclude, however, from the positions 


17) K. A, Jensen and N. H. Bane, Ann. Chem. Liebigs 548, 95 (1941). 
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Table 4. Observed wavenumbers of pheny! isothiocyanate 


and their assignments 


Infrared 
(em~!) 


355 m 
396 vw 
443 
491 
525 
618 
684 


750 


815 vw, sh 
830 w 


903 w, sh 
927 m 

960 vw, sh 
983 vw, sh 


1004 
1029 
1071 
1100 
1159 
1170 
1251 
1284 
1305 vw, sh 


vw, sh 


1860 
1882 
2063 


3079 w 
3100 vw, 


3185 vw, 


Naman 
(em ) 


180 vw 
245 m, dp 
357 m, p 
396 vw, dp 
437 vw, dp 
491 w, dp 


615 , dp 


689 
753 


797 


824 
869 
908 
927 
950 
982 
990 
1002 
1024 
1071 
1110 
1165 
1170 
1241 
1286 
1300 
1332 
1371 
1395 
1434 
1451 


1483 
1489 
1532 
1581 
1591 
1643 


2968 vw, dp 


3066 m, p 


Assignment 


b, Fundamental, 
b, Fundamental, v,, 
a, Fundamental, v,, 
a, Fundamental, 

b, Fundamental, —-NCS out-of-plane bending 
b, Fundamental, 

b, Fundamental, —-_NCS out-of-plane rocking 
b, Fundamental, v,, 
b, Fundamental, r, 
a, Fundamental, Vy 
b, Fundamental, 
792 


B,, + 807 


2 
oy 
Ay, 


a, Fundamental, 
1,, 2(437) = 874 
b, Fundamental, v,,’ 
a, Fundamental, —_NCS symmetric stretching 
a, Fundamental, v,, 
b, Fundame ntal, 
2085 O81 
a, Fundamental, 
a, Fundamental, Vig 
b, Fundamental, 

Vis 1105 
by Fundame ntal, 
a, Fundamental, r,,’ 
ay Fundamental, Vie 
b, Fundamental, 
B,. Ve + 1304 
b, Fundamental, v, 


» Fundamental, 

By, + 443 

a, Fundamental, 


1863 
+ My 1886 


a, Fundamental, NCS asymmetric stretching 


2174 
2241 


2425 


2482 


ay Fundamental, } 
b, Fundamental, Vie 


= 3184 


941 


: 
| 
| 
br 
. a w, 
w, dp 
vw 
| vw, dp? 
vw, p? 
w, dp? 
vw, dp? 
v, dp? 
p? 
m, p? 
p 
. m, dp 
Wlie m, p? 
3, p 
dp 
6 ] w, dp ; 
1332 w, dp 
w, dp B,, 927 $45 1370 
1398 vw w, dp By, 445 1403 
vw, dp By 1439 
1455 m w, dp my 
1475 w, sh 172 
1491s w, p? . 
m, dp 6 
dp? B, — 1529 
1575 vw m ay Fundamental, Yen 
1593 8 3, dp b, Fundamental, 
1645 vw, sh w, dp By, Vy. Vig 1647 
1727 vw By. Vay 1733 
1783 vw Vig 1790 
1803 vw 1795 
vs, br 2085 vs, br 
2115s, sh 
2180 m, sh 2183 w, dp 11s Ve + M15 
2233 vw, dp By, Vig 
2312 vw 2518 
2415 vw By, Vig 
2475 w 1,, 2(1241 
2560 w 1,, 2568 
2610 vw, sh 1.5 Ve 2616 
2750 vw By, Viv 2763 
2850 vw By, Vig 1251 2s44 
2930 vw 115%» Vig 2925 : 
By, + = 2946 
3055 w. sh ay Fundamental! 
sh; 3183 vw, p? 
3 
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Table 5. Observed wavenumbers of thionylaniline and their assignments 


Raman 
Assignment 


Infrared 
ly 


(em em 


(152 (151) b, Fundamental, 

(266) (266) b, Fundamental, 

304 w 301 w, p? Ay, a9 304 

368 w, br 373 vw a, Fundamental, r,, 

408 vw 411 vw a, Fundamental, rg9 

4308, p Fundamental, —-NSO wagging in-plane 

438 m b, Fundamental, 

505 vw Fundamental, NSO bending out-of plane 
532 w 3 214 532 

606 w by Fundamental, Vis 

636 w Fundamental, NSO bending in-plane 
H68 vw 1, Vis 304 672 

682s b, Fundamental, r, 

750 w, sh 754 8, p a, Fundamental, Vy 

763 s 760 vw b, Fundamental, rv, 

S07 vw, sh B, 438 Vis S06 

832 vw Fundamental, r,, 

855 vw B, $38 Von S46 

872 vw, sh 21438 S76 

915 m b, Fundamental, v,, 

065 vw, si a, Fundamental, 

O86 vw. sh b. Fundamental, vr. 

1016 m m, 7 Fundamental, 

1032 m ay Fundamental, v,, 

1071 m 1075 m, p b, Fundamental, v4 

1008 w 1106 vw B,, Ve Veo 1090 
1158 vs 1155 vs, p Fundamental, NSO symmetric stretching 
1163 w, sh BW, V20 1171 

ll77s by Fundamental, 
1182 w 1181 m, p a, Fundamental, 
1242 vw, sh 636 + r,, = 12 
1281s 1286 s, dp? b, Fundamental, r, 
1298 m 1306 s, p Fundamental NSO asymmetric stretching 
1330 vw, sh b, Fundamental, r 


indamental, 


indamentai, 


2441 vw 2450 vw Vs 1158 2459 


05 vw 


2565 vw 2562 

3012 w, sh a, Fundamental, v, ,’ 

w ay Fundamentals, and 
3100 vw, sh Fundamental, 

3155 vw, sh 11. 246 3142 
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aa 
VULe 
196) 
136 1375 vw 2p, 1364 
1402 w Vox 1304 
14511 1458 m, p? a, Fundamental, r,, 
1483 1 1484.8, dp? 6b, Fundamental, r,, 
vw By. Vy; Vis 1545 
1571: 1585 vs, dp 
1580 
VW, 8 B,, Vig Vis 1571 
1600 vw. sl 1605 m, p ay 
1641 vw Vig 636 1652 
1685 vw 1682 vw 1678 
1745 vw 1732 vw, dp? By. Vis 1747 
1791 vw 1790 vw Ba, Vig 1779 
1882 \ By. Vy Vay 
i 1901 vw 1,.¥; 
1936 vw 1930 
1952 vw Bg, Vig + 1947 
1969 vw A,, 1972 
2018 vw "6 2014 
2045 vw, p? 11> 244 2052 
2077 vw, p? 2064 
1,, 21158 2316 
i 
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of the polarized Raman lines that this molecule has a lower symmetry than the 
C,, symmetry of the previous molecules. This must mean that, although the 
—NSO group itself may be linear, the group as a whole does not lie on the C, axis 
of the ring, thus eliminating the twofold axis of symmetry of the C,, group. It is 
further noted that one of the in-plane ring frequencies which is insensitive to the 
substituent, ,,, has a polarized Raman line. Also two bands that are best assigned 
as substituent bending vibrations have polarized lines. These facts lead to the con- 
clusion that the molecule is probably planar and has C, symmetry. The A, and B, 
species of the C,,, group go over into the A’ species of the C, group; the A, and B, 
species of the C,,, group go over into the A” species of the C, group. 

Although the symmetry of the molecule is probably C,, the ring vibrations 
have been assigned to the symmetry species which they would have if the molecule 
possessed C’,, symmetry. Assigning the vibrations in this way will give rise to an 
occasional polarized 6, line. 

The insensitive vibrations again are easily assigned. »,, is assigned to the 
medium infrared band at 1032 cm~!. Raman lines in the vicinity of 1032 em— 
are obscured by one of the yellow mercury lines. v, is assigned to the polarized line 
at 750 cm~', and »,,’ is assigned to a band at 368 em~!. The infrared spectrum 
contains one medium line close to the range in which »,,’ is usually found; hence, 
¥,;9 is assigned to 438 cm~', The Raman line at 430 cm~ is too strong to be v,,’, and 
it is also polarized. It has been tentatively assigned as an in-plane vibration of the 
—NSO group. The halo around the parent line obscured any Raman lines below 
about 290 cm~!. However, the two weak polarized Raman lines at 301 em~! and 
532 cm~! are most easily explained as overtones of two lines at 151 em and 
266 cm~!. These would be good assignments for v,,’ and y,,', and they are thus 
tentatively assigned as such. Two strong infrared and Raman lines at 1158 em~ 
and 1298 cm~! are almost sure to be the two stretching vibrations of the —-NSO 


group. Several of the otherwise unassigned lower bands might be the —-NSO 
bending vibrations. 


E. Anisole 

Anisole, C,H,;—OCH,, with its methoxyl group, is almost certainly not a 
molecule having C,,, symmetry. However, one is not as aware of this fact from an 
examination of the spectral data—which are presented in Table 6—as one is after 
an examination of the spectra of thionylaniline. The ring vibrations have again 
been given C,, assignments. Invariant ring vibrations are assigned as usual. The 
polarized Raman band at 1180 cm~! could possibly be »,.; however, its infrared 
counterpart is extremely weak. For that reason, the stronger line at 1247 em 
has been selected as v,.. The strong line at 782 cm~! is assigned as v,. 7,’ is best 
assigned at 441 cm~!, although the Raman line is at most weakly polarized. »,,' 
must be at 210 cm~', and »,,’ is at 258 em~. »,,’ is assigned to the medium band 
at 511 em~. 

The line at 1040 em~ is probably on O—methy!] stretching vibration. Methyl 
C—H stretching vibrations can be assigned to bands at 2838 em~!, 2908 em~! and 
2946 cm~, although methyl C—H stretching vibrations cannot be assigned with 
certainty and were not of primary interest in this investigation. For a discussion 
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Table 6 


3. Observed wavenumbers of anisole and their assignments 
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Infrare 


em 


w 
1040 « 
1105 vw 
lis5lw 
1172 m 


1180 vw 


1202 vw 
1301 m 
vw 


1332 
1300 


1454 m 
1469 m 
1400 « 


vw 
2275 vw 
2465 vw 
2520 vw 
2855 m 
w 
2025 w 
2946 m 
2955 m 


3004 m 


3035 w 


w 


vw, 
3110 vw, 


3190 vw 


~d 


ah 


ah 


210 w, dp 
258 w, dp? 
300 vw 
415 vw 
443s, dp? 
515 Ww 


556 m 


615 m, dp? 


1040 
1073 w 
11551 iy 
1179 m 
1236 w 
1246 8, 


1500 w 
1583 vw 
1504 m, Pp 
1606 «, dp 


3026 dp 


ve. 


b, Fundamental, rz, 


b, Fundarn 

Fundan« 
a, Fundam 
a, Fundans 


De Fundame 


Assignment 


ntal, 


ntal, COC bending? 


ntal, 


ntal, 


ts 
ntal, 


Fundamental, COC bending? 


b, Fundarme 
B,, 
indarne 


Vis 
Fundany 


indan 


Fundan 
imian 
b, Fundame 
Fundans« 


a, Fundam 


556 


ntal, Vy» 
673 


ntal, 


ntai, 


ntal 
ital, 


ntal, methyl bending 


, methy 


ntal, 


Vig 1580 
Fut Vig 
b, Fundamental, r,, 
Pos 
1760 
Isla 
Vis 1916 
1,. 2040 
1, 2/1040 
+ 1040 2287 
1206 2465 
Mas Vig 2519 
Fundamental, methyl ¢ 
Fundamental, methyl ¢ 
Vis 1460 2923 
Fundamental, methy! 
By. 2053 
Fundamental 
Fundamental Vis 
a, Fundam ntal, 
Fundamental 
b, Fundamenta » Vis 
106 
176 


stretching 


‘ i 
ntal, © CH, 
Vie 
Lios 
tal. 
ntal, methyl bending? 
1 34 
ental, 
ntal, r, 


| bending 


H stretching 
H stretching 


H stretching 


Raman 
5 
617 w 
O90 8 688 vw 
726 vw 725 
752s 756 m, dp? 
782 w 7768, p a, 
4 S17 vw Sl4w Vig si4 
825 vw 1, Fundamental, r,, 
w SS7 vw Os Fundamental Vyy 
SOU vw Veo SUS 
w ty Fundamental, 
VSS m Fundar ental, 
Fundar 
I la 
b, Funda 
1, 2(554 
b, Fund 
VOL. 
17 
sh ] 96 
12096 vs, p? 
sh 
‘ 1323 w b, Fundamental, r, 
1378 vw 2y, 1380 
vw 1394 vw Vis 1391 
1405 vw By Vs 1300 
: sh We Vis 1435 
1459 m, dp? Fundamental 
1588 vw, sh 
1500 « 
1688 w 
1760 w 
1828 w 
1922 w 
2052 w 
2542 4, p 
2012 m, dp 
2946 p 
— 
= 
3179 w 
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of the current controversy over the assignments of methyl vibrations, see Ref. {18}. 
Various —-OCH, bending vibrational assignments are possible for some of the other 
unassigned bands. 

For comparison the assignments of the fundamentals of benzene, anisole, 


Table 7. Summary of assignments of fundamentals 
(The internal vibrations of the substituent groups are not included) 


Wavenumber (em!) 


Symmetry Vibration 
species no. C,H, ¢OCH, NO, éNCO ¢NSO 
A, 3062 3064 3081 3060 3079 3065 
992 782 680 761 689 750 
3060 3035 3060 3060 3055 3065 
LOLO 902 1004 1003 1004 998 
3080 1247 1110 1107 1241 1032 
1485 1499 1482 1512 1491 1451 
1037 1020 1023 1025 1029 1016 
3047 3004 3030 3025 3012 
1596 L588 1565 L588 1575 1600 
1178 1172 1176 1170 1170 1182 
606 441 396 385 355 368 
1340 1292 1290 1282 1284 1281 
1310 1332 1334 1332 1330 
17 1152 1073 1071 1070 1071 1071 


3080 3093 3110 3100 3100 3100 
1485 1454 1460 1453 1455 1483 
1037 258 251 245 245 266 
3047 3026 3044 3035 
1596 1599 1590 1599 1593 1571 
1178 1151 1163 1155 1159 1177 

606 i17 615 616 618 606 

850 82! 832 829 830 832 

975 962 960 

405 395 396 

673 5: 751 750 

995 ( 983 983 

703 if 686 684 

S50 ; 901 903 

975 496 491 

$05 : 8: 145 180 


nitrobenzene, phenyl! isocyanate, phenyl! isothiocyanate and thionylaniline are 


presented in Table 7. The benzene wavenumbers listed are those presented by 
Mitier [19]. They are based on INGOLD’s assignment [20] as later modified by Marr 
and Hornig [21], changing v, and v,,. MILLER’s assignment of benzene-d, gave 
additional support to the Marr and Hornic modifications. The validity of these 


[18] M.-T. Foret, N. Fuson, and M.-L. Josten, J. Opt. Soc. Am. §0, 1228 (1960). 

[19] F. A. Mitier, J. Chem. Phys. 24, 996 (1956). 

[20| C. K. INGOLD et al., J. Chem. Soc., 222, 235, 239, 244, 245, 252, 255, 272, 288, 299, 316 (1946). 
(21) R. D. Marr and D, F. Horwnic, J. Chem. Phys. 17, 1236 (1949). 
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17 
Is 
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19 
20 
B, 
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: 
1! 
19 
20 
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two assignments is in question again today [22, 23]; however, we have continued 
to use the Marr and Hornic assignments pending the outcome. 
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A study of the infra-red spectra of a number of diazonium salts shows that there is 


Abstract 
bonding from the anion to the cation in some of the salts. It is impossible to make a definite 
correlation between the N-—N stretching frequency and electronic effects due to other sub- 
stituents in the aromatic ring. The infra-red spectra of the p-dialkylaminobenzenediazonium 
and p-aminobenzenediazonium cations have been interpreted as favouring structures in which 
the positive charge is transferred from the diazonium group to the amine grouping. 


Introduction 
THE infra-red spectra of diazonium salts show a characteristic band between 2100 
and 2300 em~' which has been attributed to the N——N stretching frequency {1—3]. 
Previous workers |1, 2] concluded that, for a given cation, the position of this band 
is independent of the anion but one of the present authors [4] suggested that, since 
the infra-red spectra of fluoroborates showed a peak at higher frequencies than the 
spectra of other salts, the fluoroborates were ionic and that there was some covalent 
bonding between anion and cation in the other salts. Recent Russian work [3] 
has supported this conclusion. 
Experimental 

Solutions of diazonium chlorides were prepared [5] by diazotising a slurry of 
the amine hydrochloride in 50 per cent hydrochloric acid with the requisite quantity 
of sodium nitrite. Chlorometallates were formed by adding the solution of a dia- 
zonium chloride to a solution of the appropriate metal chloride in hydrochloric acid. 
Fluoroborates were precipitated by addition of the solution of diazonium chloride 
to 40 per cent aqueous fluoroboric acid. Hexafluorophosphates were precipitated 
from an aqueous solution of potassium hexafluorophosphate prepared by the 
method of PaLMerR [6]. p-Aminobenzene diazonium chloride was prepared by 
addition of solid sodium nitrite to a slurry of the diamine hydrochloride until the 
hydrochloride was in solution; the fluoroborate was precipitated from solution. 

Infra-red spectra were obtained using a Perkin-Elmer model 21 spectrophotom- 
eter fitted with rock-salt or fluorite optics. The spectra of the crystalline solids 
were obtained as mulls in Nujol or hexachlorobutadiene; the spectra of aqueous 
solutions were obtained from films pressed between silver chloride plates. 


1} M. Arnoney, R. J. W. Le Févre and R. L. Werner, J. Chem. Soc. 276 (1955). 

{2} K. B. Wuerser, G. F. Hawkins and F. E. Jounson, J. Am. Chem. Soc. 78, 3360 (1956). 

L. A. Kazirsywa, A. Revrov and Z. F. BucnKxovsku, Russ. J. Phys. Chem. (English translation 
34, 404 (1960) 

[4] D. W. A. Suarp, Advances in Fluorine Chem. 1, 68, (1960). 

[5) K. H. Saunpers, The Aromatic Diazo Compounds (2nd Ed.). Arnold, London (1949). 

W. G. Patmer, Experimental Inorganic Chemistry. Cambridge University Press (1954). 
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Table 1. N-—N stretching frequencies (em™~) 


Benzenediazonium 


Nitromethane 


solution 


Mull 


2297 
2290 
9977 
2273 
2276 
2278 
2282 
2262 


(benzene diazonium chloroferrate dissolved in acetone absorbs at 2277 cm 


m-Toluene diazonium 


Toluene diazonium 
BF, 
PF, 
Hegel, 
p-Toluene diazonium 


4 


F 
I 
HgCl,° 
-Nitrobenzene diazonium 
BF, 
PF, 
HgCl,* 
m-Nitrobenzene diazonium 
BF, 
PF, 
HgCl,* 
Nitrobenzene diazonium 
BF, 
PF, 
HgCl,- 


Trifluoromethyvlbenzene diazonium 


2294 
2291 
2260 
2268 


2269 
2266 


2290 227 


2289 2275 


2253 2200 


2299 

2287 

2275 

2295 2283 
2293 d 


2280 2280 


23501 2298 
2305 d 


2285 2285 


2321 2299 
2310 d 


2281 2281 


2295 
2287 
2272 
2299 
2298 
2281 


solution 


Aqueous 


2280 
n.s. 
n.s. 

2280 

n.s. 

2283 
n.s. 


2200 
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q oe PF, 2280 
HgCl,* 2275 
ZnCl,* d 
SnCl,2 2288 
BPh, d 
FeCl, 2270 
) 
BF, 2274 2280 
PF, 2275 n.s. 
HgCl,? 2273 n.s. 
ZnCl, 2272 2275 
CdCl? 2270 2270 
SnCl,* 2263 ns. 
Fy CN),? a n.s. 2275 
| 2273 
n.s. 
n.s. 
2276 
2205 
n.s. 
n.s. 
n.s. 
n.s. 
BF, 2272 n.s. 
PF, 2272 ns. 
HgCl,? d n.s. 
m-Trifluoromethylbenzene diazonium 
: BF, d n.s. 
PF, d n.s. 
Hot 1,? dl n.s. 
Se: 948 
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Table 1—continued 


Mull Nitromethane Aqueous 


solution solution 


p-Methoxybenzene diazonium 

BF, 

HgCl,? 
p-Dimethylaminobenzene diazonium 


BF, 


to 
to to 
or bo 


te 


PF, 


6 


te 


CdCl? 


— ts 
> & 


to to to te 


p-Diethylaminobenzene diazonium 


BF, 2260 
2173s 
PF, 2250 
2170s 
CdCl,* 
2175 
2248 
2170s 
@ 
17 p-Aminobenzene diazonium 
961 BF, 2170 


, not sufficiently soluble for spectra to be measured. 
, decomposes 
Strong. 

w, weak. 


Discussion 

From visual observation, simple diazonium salts fall into two classes, those in 
which the cation is colourless and those derived from p-phenylenediamine and 
p-N:N-dialkylamino anilines in which the cation is coloured. These two types will 
be considered separately. 

The N—N stretching frequencies of a variety of diazonium salts are given in 
Table 1. Spectra were measured on mulls of the crystalline solids and, wherever 
possible, on solutions in nitromethane and water. The spectra of many of these 
salts have been studied by Kazirsywna ef al. [3] and, in general, our observations 
are similar to theirs. We did not observe multiple peaks for any of the colourless 
salts. Occasionally a multiple peak would occur in the spectrum of a mull but this 
always disappeared on regrinding the mull. We therefore attribute these peaks to 
some form of interaction in the crystalline solid. The frequencies which we observed 
are all higher than those observed by the Russian workers. Our spectra were cali- 
brated by means of a standard air spectrum and we cannot explain this discrepancy. 

We agree with the Russian workers in explaining the lower frequencies observed 
in some salts as being due to partial covalent bonding between the diazonium cation 


and the anion, this bonding being by direct interaction between the lone pairs of 
the halide ions and the vacant orbital of the diazonium group. This interaction 
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2265 n.s. at 
2240 n.s. 
| | 2268 w 2254 w n.s. 
Ss 2177s 
Le | w 2255 w n.s. 
178s 2175s 
w 2260 w n.s. 
2175s 
240 W 2255 w n.s. 
170s 2175s 
2252 w n.s. 
2168s 
2259 w n.s. 
21638 
2251 w n.s. 
2169s 
2256 w n.s. 
2162s 
d n.s. 
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does not occur with the salts of the very strong complex fluoro acids. Interaction 
between the z-bond of the N—-N group and the metal atom of the complex anion 
is also possible although neither the N==N nor N==N bonds have yet been shown to 
form 7-bond complexes. Any relation between the N—N frequency and the overall 
crystal field at the site of the N—N bond is ruled out by the lack of a dependence of 
this frequency on the size of the anion, and, furthermore, by an approximate 
constancy of the N—N frequency in solvents of different dielectric constant (e.g. 
benzenediazonium chloroferrate absorbs at 2260 cm~! in water, at 2277 cm~! in 
acetone, and at 2270 cm! in nitromethane, dielectric constants 81-5, 21-4, and 
24-7, respectively [7]. 

The division of diazonium salts into two types of the basis of chemical reactivity 
|5, 8] follows the pattern based on the N-—N stretching frequencies of the crystal- 
line solids. A high N-——N frequency is associated with decomposition by a hetero- 
lytic mechanism, whilst partial covalent character in the solid state is associated 
with homoly tic dissociation. 

Wuetse ef a/. [2] attempted to relate the N—-N stretching frequency to the 
electonic effects of other ring substituents—-as measured by the Hammett function. 
Their observations, which were made on the solids, showed trends in the right 
direction and our solution measurements again show these trends but the relation 
does not hold as well as is observed for the C—O [9] and N-—-H [10] groups. Such 
observations should ideally be made on solutions and a complicating factor with 
cations such as the diazonium ions is that solvation must be much greater than for 
uncharged molecules. Since the electronic effects of solvation may well be in an 
opposite direction to those of the substituent groups an overall complexity is not 
unexpected. 

The infra-red spectra of diazonium salts over the range from 650 to 1700 em~! 
(Table 2) are similar to those of the appropriately substituted aromatic nuclei save 
that the aromatic skeletal stretching frequency near 1580 cm~'! has a much greater 
intensity in the diazonium salts. Association of an aromatic system with a posi- 
tively charged, electron-deficient, entity generally has the effect of intensifying 
this vibration [11]. 


Diazonium salts of p-dialkylaminoanilines show a number of features which are 
different from other diazonium salts. Wuertset et al. [2] observed two infra-red 
bands in the N-——N stretching region and the present work has confirmed this 
observation both in the solid state and in solution. The infra-red spectra of 
p-dialkylaminodiazonium salts show an intense band near 1100 cm~! which is not 


observed in the spectra of other diazonium salts. The ultra-violet spectra of these 
salts are also very different from those of other diazonium salts, there being two 
strong absorption bands at about 3800 A and 2500 A compared with the single 
band observed in the spectra of other diazonium salts [12, 13]. 


International Critical Tables (1st Ed.) 6, 82 (1929). 

A. N. Nesmeyanov, L. G. Makarova and T. P. Totstaya, Tetrahedron 1, 145 (1957). 
N. Fuson, M.-L. Josten and E. M. SuHovron, J. Am. Chem. Soc. 76, 2526 (1954). 

S. CaLtrrano and R, Moccia, Gazzetta 86, 1014 (1956) 

D. W. A. Swarr and N. SaHerrarp, J. Chem. Soc. 674 (1957). 

L. C. ANDERSON and J. W. Srepiy, J. Am. Chem. Soc. 76, 5144 (1954). 

A. Wout, Bull. soc. chim. France 1319 (1939). 
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The infra-red spectra of some stable diazonium salts 


Table 2. Infra-red spectra 1600-650 em™! (figures in cm™~') 


C,H,CN C,H,Cl C,H,N,BF, 


757 740 750 
972 965 960 
985 975 
1000 1003 
1026 1026 LOLS 
1070 1068 LO75 
1096 1100 
1163 L157 
1178 1085 1125 
1192 1174 1180 
1286 271 1295 
1332 1326 1315 
1445 1445 1414 
1489 1477 1465 
1579 L580 1540 
1597 1580 L570 vs 


p-CH,C,H,N,BF, p-(CHy)NC BF, 


S17 8255s 
975 930 
983 
1093 
1168 1115 vs 
1192 1125 
1290 1290 
1310 1320 
1365 
1385 1390 
1400 1437 
1450 1480 
1590 vs 1590 vs 


The predominant electronic structure of an aryl diazonium salt is generally 
considered [2] to be (1) and on the basis of ultra-violet and infra-red studies of the 
N—N stretching frequencies it has been considered that a quinonoid structure (IT) 
makes a finite contribution to the structure of the p-dialkylaminodiazonium 
cations [12]. We consider that our results support this formulation of charge trans- 
fer and suggest further that the structure (II1), where complete charge transfer 
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from the diazonium group to the amino group has taken place, is of major import- 
ance in these cations. The infra-red spectra of quinones are completely distinct 
from those of benzenoid aromatics [14] and our spectra show the presence of an 
aromatic skeleton in these compounds. We assign the intense infra-red band at 
about 1100cem~! to C—N vibrations involving the dialkylamino group—these 
vibrations normally occur [15] between 1200 and 1000 cm~! and the charge would 
be expected to increase the intensity of absorption. The two bands in the N—N 
stretching region of the spectra of these salts are of unequal intensity; that at 
~2170 cm~' is the most intense and we assign this to the N-——N stretch, the fre- 


quency being lowered from that observed in other diazonium salts because of an 
increase in the contribution of structures (II) and (IIL). The other, weaker, band 
at ~2250 cm~'! appears to be the first overtone of the 1120 em~! band. p-Amino- 


benzene diazonium fluoroborate shows one absorption in this region and the 
overtone is not observed. The frequency, 2170 cm™~, is low and this indicates that 
charge transfer is taking place in this cation also. The N—N frequency in the 
spectra of these salts does not depend markedly upon the anion and we conclude 
that with the charge transfer the interaction between the N——N group and the 
complex anions has been reduced. 
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The effect of the support on the infrared spectra of carbon 
monoxide adsorbed on nickel oxides 
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Abstract—The influence of the support on the surface properties of nickel oxide has been studied 
experimentally by carbon monoxide adsorption characteristics. The latter were determined by 
the infrared spectra of the adsorbed species. The first type of nickel oxide studied was prepared 
by adding an excess of oxygen, at room temperature, to supported nickel. The excess oxygen 
was removed, and then carbon monoxide added at various pressures. This procedure was 
repeated for all the supports used: alumina, silica and titania. On the silica support, the oxide 
was also made by adding a series of small doses of oxygen to the nickel. Evidence for carbonate 
complexes was obtained for alumina supported nickel oxide, but not with titania or silica. On 
titania, CO,” groups were found which may have been formed by the interaction between 
catalytically formed carbon dioxide and the titania. On silica, neither CO, or Ct ),~ complexes 
were found on adding CO to nickel oxide. Nevertheless, CO,~ complexes have been observed 
when small amounts of oxygen were added to silica-supported reduced nickel, on which CO had 
previously been adsorbed. With alumina and silica, the nickel oxide was “reduced,” to some 
extent, by CO. The sites left vacant by ‘reduction’ then adsorbed CO in a manner similar to 
one of the species observed on supported nickel. 

Bulk nickel oxide was prepared by heating supported nickel in oxygen at 300°C. In most 
cases the oxygen was removed from the sample at 300°C. In some other preparations, the 
sample was cooled in oxygen and then evacuated at room temperature. The spectra obtained 
on adding CO to these two types of bulk oxide were very similar. As in the nickel oxide on nickel 
experiments, on adding CO, CO, groups were found using alumina, and CO,~ groups using 
titania. However, large differences were found in the number of CO molecules absorbed on 
nickel sites formed by “reduction’’. In every case, those nickel oxide on nickel systems which 
were “reduced” by CO (the alumina and silica supports) were not “‘reduced”’ when the same 
supports were used with bulk oxides. Conversely, the titania-supported nickel oxide on nickel 
was only very slightly “reduced” on adding CO, while the bulk oxide on the support was “re- 
duced” to quite a marked extent. 


Introduction 
THE nickel oxide—-carbon monoxide system has been studied by adsorption iso- 
therms and heats of adsorption, and is particularly interesting to investigate by 
infrared spectroscopy. Dei and Srone [1] postulated that carbonate complexes 


are formed when CO is added to nickel oxide on nickel. Such complexes would 


have spectra similar to those of carbonates or bicarbonates [2], and these bands 
occur in a region where the oxide supports commonly used transmit infrared 
radiation. TrtcHNeR and Morrison [3] are of the opinion that there is some 
difference in surface characteristics between bulk nickel oxide and nickel oxide on 


* Now at the National Physical Laboratory, Teddington, Middlesex. 
[1] R. M. Devt and F. 8. Svone, Trans. Faraday Soc. 50, 501 (1954). 
{2] F. A. Mrcier and C. H. Wiikrys, Anal. Chem. 24, 1253 (1952). 
|3| S. J. Tercuner and J. A. Morrison, Trans. Faraday Soc. §1, 961 (1955). 
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nickel. These differences might be expected to be apparent in the infrared spectra 
of CO adsorbed on the two types of oxide. 

Considerable evidence of interaction between supported metal oxides and their 
support has been provided by the interesting work of SeLwoop [4]. In particular, 
it was shown that the oxidation state of a supported oxide adsorbent is influenced 
by the support. An infrared investigation similar to that already reported [5] on 
supported nickel, seemed likely to provide information about the effects on the 
adsorbate. The same samples used for the supported metal work [5] have been 
used here. 

The nickel oxide was made in two ways. Nickel oxide on nickel was formed by 
adding an excess of oxygen at room temperature to supported nickel. Secondly, to 
make bulk nickel oxide, the metal was heated in excess oxygen at 300°C. Striking 
effects of the support have been found for both types of nickel oxide. 

The only other infrared investigation of CO adsorbed on nickel oxide is that 
reported by Erscnens and Piiskry [6]. No bands were observed when carbon 
monoxide was added to bulk nickel oxide supported on silica. Our data agree with 
this observation at frequencies lower than 2100 em-!. 


Experimental 

Materials, sample preparation and apparatus 

With the following exceptions, these are the same as those used previously [5]. 
Oxygen was supplied by the Matheson Co., Inc., and dried by passage through 
traps cooled to 77°K. Commercial carbon dioxide was purified by distillation. 

The nickel oxide samples transmitted more light than the nickel samples, 
permitting narrower slits to be used. For nickel oxide on nickel, at 2000 cm~', the 
slit widths (in mm) were: alumina, 0-230; silica, 0-136; titania, 0-320. The 
corresponding spectral slit widths are 4-5, 2-9 and 6-0 em~!. For bulk nickel oxide, 


at 2000 cm~!, slit widths of 0-163, 0-124 and 0-200 mm were used. These correspond 
to spectral slit widths of 3-4, 2-7 


and 4-0cm~'. The lowest frequency that could be 
scanned with the spectrometer with the calcium fluoride prism was 1217 em~'. 


Proce dure 
After the experiments on nickel had been finished [5], each sample was re- 
reduced in hydrogen at 350°C for 20 min, evacuated at this temperature for 10 min 
and cooled to room temperature in vacuo. Oxygen was admitted in one dose, the 
equilibrium pressure then being between 10 and 14cm. This pressure was chosen 
to ensure an excess of oxygen. After leaving the oxygen for 10 min, it was evacu- 
ated for 2 min. Vacua of about 6 to 10 « 10-* mm were obtained on pumping out 
the oxygen. The background spectrum was then recorded, and doses of carbon 
monoxide added, as described earlier [5]. After the adsorption experiments, the 
sample was evacuated at room temperature. 
For silica-supported samples, very weak bands were found on the adsorption of 
CO. It was possible that thick oxide layers may have been formed by the heat 
[4) P. W. Setwoop, Advances in Catalysis 3, 28 (1951). 


(5) C. E. and D. J. C. Yates, J. Phys. Chem. In press. 
(6) R. P. Etscnens and W. A. Piiskrx, Advances in Catalysis 9, 662 (1957). 
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liberated when one large dose of oxygen was added [7, 8]. The sample was re- 
reduced, and oxygen admitted in 2mm doses until the residual pressure after 
adsorption rose to | mm. The initial pressure of the oxygen was gradually increased 
until the residual pressure was about 10 mm. The rest of the cycle was performed 
exactly as for the one dose oxidation. 

After these nickel oxide on nickel experiments, the samples were re-reduced 
and cooled to room temperature. Oxygen, at a pressure of about 10 cm, was added 
and the furnace put round the cell. Over 20 min, the temperature was raised to 
300°C. The samples were kept in oxygen for 30 min, and then evacuated at 300°C 
for 10 min. Final vacua obtained were from 4 to 10 x 10-*mm. The samples 
were cooled to room temperature in vacuo and then carbon monoxide was added. 
It was possible that evacuating the samples at 300°C might make the nickel oxide 
deficient in oxygen. To see if any such effect could be detected, alumina and titania 
samples were prepared as above, except that the samples were cooled to room 
temperature in oxygen. The oxygen was then evacuated at room temperature. 

In contrast with the other five nickel oxide-support combinations, marked 
color changes took place when bulk nickel oxide was formed on anatase. The 
latter samples were pale gray, and the other nickel oxides were either dark gray or 
black. All the samples returned to an intense black on re-reduction to nickel, and 
then had nearly the same infrared transmission after re-reduction, as they had 
after their initial reduction. 

Finally, to determine whether any irreversible changes took place, CO was 
added to the re-reduced samples. The doses were similar in size to those used with 
the initially reduced nickel samples. Both the position and intensity of the bands 
found were very similar to those previously observed [5], indicating that on re- 
reducing the nickel oxide the resulting nickel had a surface area close to that 
obtained by the initial reduction. 

Results 


Spectra obtained on adsorption 


The carbon monoxide was added at room temperature, and Fig. | shows typical 
spectra as recorded for the nickel oxide on nickel systems. Alumina (b) and titania 
(c) show no strong bands due to the support. The final cut-off between 1300 and 
1220 cm~! is a combination of absorption by the magnesium oxide windows, the 
supports, and the prism. Silica (a) shows a broad band at 1950, and strong bands at 
1870 and 1640 cm~!. For this support the final cut-off occurs between 1400 and 
1300 em~!. This is the high-frequency side of the band caused by the fundamental 
absorption frequency of silica. 

Calculated percentage transmission curves obtained on adsorption are given in 
Fig. 2 nickel oxide on nickel, and in Fig. 3 for bulk nickel oxide. Only a small 
general lowering of transmission took place with these oxide samples on adsorption. 

Nickel carbonyl is rarely formed in nickel oxide systems, and the formation of 
this compound does not limit the CO pressure. In general, to enable comparisons 
to be made, the pressures used have been similar to those employed earlier [5]. 


+. C. A. Scuvurr and N. H. pe Boer, Rec. trav. chim. 72, 909 (1953). 
. M. Dect, D. F. KLemperer and F. 8. Stone, J. Phys. Chem. 60, 1586 (1956). 
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tra obtained by desorption 

After the last dose had been left over the sample for as long as desired, the CO 
was evacuated for various times. The calculated transmission curves are shown in 
Figs. 4 and 5, the samples being identical with those used in Figs. 2 and 3. In cases 
where a general lowering of transmission took place (Figs. 2b and 3c), this was 


removed by the first evacuation (Figs. 4b and 5b). 


Surface found 


Carbon monoxide-like species. These bands occur in the region from 2300 to 


1900 em~'. The band at from 2175 to 2190 cm~ is probably due to the stretching 
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The effect of the support on the infrared spectra of carbon monoxide adsorbed on nickel oxides 


vibration of a CO molecule loosely attached to an oxygen atom. This latter atom 
is unlikely to be part of the support, except in the case of titania (unpu lished 
data). In all cases observed here, this CO was completely removed by evacuation 
for 30 sec. This species has been assigned by E1scHens and PLiskin [6], who con- 
sidered it to be an intermediate in the oxidation of CO, and that it was not formed 
by adding either component of the reactionsystemstoeither nickel or nickel oxide[9}. 
While this species is present during the oxidation of CO, it is not necessarily always 
an intermediate. At high enough CO pressures, it has been found on supported 
nickel [5]. With both forms of nickel oxide studied here, and with all supports, 
this species was invariably found on adding CO. Indeed with bulk nickel oxide on 
silica (Fig. 3a), it was the only band found. 

The band at 2125 cm~! found at relatively high CO pressures, shows a certain 
similarity with the species just discussed. It is probably due to weakly perturbed 
CO, as shown by its small frequency shift from a gaseous CO molecule. It only 
occurs with a band at 2060 em~', when the nickel oxide has been “reduced” by CO, 
so the 2125 em~' band is probably due to a CO molecule weakly held to a nickel 
site. Bands at about 2125 cem~' have been reported elsewhere [10, 11], but no 
definite assignment has been given. 

Bands at 2050 to 2080 cm~! are probably produced by CO held to one nickel 
atom, and have been discussed elsewhere [5] for these supports. These nickel atoms 
have been formed by the “reduction” of the nickel oxide by CO. All subsequent 
references to “reduction” are to be understood as due to CO. Reduction, as such, 
takes place by the action of hydrogen. In Fig. 3(c), the band at 1990 em~! may be 
due to a CO molecule held to two nickel atoms. 

CO, and CO, complexes. In view of earlier work [1], it was expected that CO, 
complexes would be formed on adding CO to nickel oxide. The stretching 
frequencies of such groups would be lower than 1800 em~'. 

For the silica support (Figs. 2a, 2b and 3a) no bands were found in the region 
1800 to 1220 em~' for either oxide. Bands of greater than 4 per cent absorption 
would have been detected. 

On alumina, however, strong bands appeared at 1650 and 1450 cm~' on both 


! was observed on the 


oxides (Figs. 2c and 3b). In addition, a band at 1230 cm 
bulk oxide. The band at 1450 cem~! is characteristic of carbonates [2]. From a 
series of compounds, BELLAMY) { 12], p. 344) assigns the range 1450 to 1410 em Ito 


carbonates. This group may be held as shown: 


() 


Ni 


. P. Erscunens, Z. Elektrochem. 60, 782 (1956). 
A. C. Yane and C, W. Garianp, J. Phys. Chem. 61, 1504 (1957). 
. P. Erscnens and W. A. Piiskix, Advances in Catalysis 10, 2 (1958). 
. J. Bettamy, The Infra-red Spectra of Complex Molecules (2nd Ed.). Methuen, London (1958). 
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These groups may be formed by the interaction of CO with nickel oxide, or by the 
interaction of catalytically formed carbon dioxide with nickel oxide. It is also 
possible that the CO, group may be lying flat on the surface, held by each of the 
oxygen atoms to nickel sites. To obtain spectra characteristic of a CO, group the 
three carbon—oxygen bonds must be of nearly equal strength and unperturbed. Or, 
if perturbed, this must be in a symmetrical fashion. The band at 1650 cm~' may 
be due to some form of bicarbonate (CO,~) species. In this case the oxygen—carbon 
linkages are not all alike: 
0) 


0 


Ni 


Only three bicarbonates seem to have been studied [2] and they show bands in the 
region 1660-1632 and 1410-1300 em~!. It is possible that the 1450 em~! band may 
be due to both CO, and CO,~ species. However, BeLtiamy ({12], p. 345) considers 
that no definite correlations are possible for bicarbonates. The above arrangements 
are tentative, it is evident that more work with other metal oxides is needed to 
establish definitely the way in which these groups are attached to the surface. No 
detinite assignment can be given to the 1230 em~' band at present. 

For anatase-supported nickel oxide, bands occur at 1570 and 1330cm~'. As 
discussed later, these bands are probably due to carbon dioxide chemisorbed on to 
the anatase, rather than on the nickel oxide. However, bands at similar frequencies 
have been observed on silica-supported nickel, when oxygen and CO are added in a 
certain sequence. In this case, the complex producing these bands is adsorbed on 
the “nickel oxide’. The species producing these bands is probably a CO,” group. 
In carboxylic acids, when ionized, the characteristic carbonyl vibration is replaced 

12] by two bands between 1610 and 1550 em~ (symmetrical vibration) and between 
1420 and 1300 em~! (antisymmetrical vibration). A possible surface species is: 


The lower oxygen may be either part of nickel oxide or, in the case of the titania- 
supported nickel oxide, part of titanium dioxide. It is unlikely that the CO, 
species is attached to a nickel atom via the carbon. With carefully reduced nickel 
supported on silica, no bands of chemisorbed species were found when pure carbon 
dioxide was added. If some oxygen was then added, quite strong bands at 1560 and 
1380 cm~! appeared. 
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Discussion 
Carbon monoxide adsorbed on supported nickel oxide on nickel 
The silica support. Little CO is adsorbed on this nickel oxide. No bands were 
observed between 2000 and 1220 cm~! in any experiment, indicating that the effect 
of the support is so marked as entirely to prevent the formation of CO, groups. 


35 
04 


— 10-4 (16 hr) 


% transmission 


800 1600 


Frequency, cm 


Fig. 2. The spectra of carbon monoxide adsorbed on nickel oxide on nickel. The pressures 


used (in mm) are shown as figures on the diagram. Supports used: (a) and (b) silica; 
(c) alumina and (d) titania. 


One explanation of these results might be that the nickel oxide has a much 
smaller surface area than the nickel from which it was formed. In this case, it 
would be expected that nickel formed by re-reducing the oxide would also have a 
relatively low surface area. This did not occur. The sample was re-reduced, and 
the same doses of CO adsorbed as used originally [5]. The linear and bridged bands 
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then had very similar frequencies and intensities as those obtained after the initial 
reduction. In addition, excessive heating might have occurred when one large dose 
of oxygen was added to the nickel, causing the oxide to be thick. On the oxide 
made by step-wise addition, considerably more CO was adsorbed (Fig. 2b). Apart 


3-3 
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% 
325 10-2 10-2(i6hr) 


% transmission 


1800 
Frequency, cm 


Fig 3. The spt ctra of ¢ arbon monoxide adsorbed on bulk nickel oxide, The pressures used 
in mm) are shown as figures on the diagram. Supports used: (a) silica; (b) alumina and 
(c) titania. 


from the change in intensities of Figs. 2(b) and 2(a), the only other difference is 
the presence of a band at 2125 cm™ at the highest pressure. 

Fig. 2(b) also shows that extremely slow adsorption of CO occurs for the nickel 
oxides used here. This always occurred with both types of nickel oxide and all 
supports, and is of general interest. On another sample made by the step-wise 
addition of oxygen to silica supported nickel, adsorption was followed for longer 
times. The 2060 cm~ band had a peak optical density of 0-07, 35 min after adding 
CO, at a pressure of 10-3 mm. The density increased to 0-14 after 16 hr, and to 0-24 
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after 40 hr. This indicates that CO can ‘“‘reduce” silica-supported nickel oxide, an 
effect which does not appear to have been reported elsewhere. 

To see if carbon dioxide was adsorbed, other than physically, on the support as 
used here, a silica sample was made without nickel nitrate. This was pretreated in 
the same way as that used to make nickel oxide on nickel. Carbon dioxide was 
added at pressures up to 10 mm. No bands were observed, at any pressure, in the 
region from 2300 to 1220 em~!. Quite a strong band was observed due to physically 
adsorbed [6] carbon dioxide at about 2340 cm~!. Silica seems to affect the surface 
properties of supported nickel oxide quite markedly, as on adsorbing CO, no 
spectra of CO, complexes were obtained. 

The alumina support. Fig. 2(c) shows that quite a strong band at 2065 em~ is 
formed when 1-3 mm of CO is present, together with bands at 2175, 1650 and 
1450 em~!. Increasing the pressure affected only the intensity of the bands and 
not their frequency, except for the 2065 em~! band which moved to 2050 em~. 

Evacuation removed the species producing the bands at 2175 and 2125 em~ in 
30 see (Fig. 4b), but the remaining species are much more firmly attached. 

It is concluded that the surface layer of nickel oxide on nickel is readily 
“reduced” using this alumina. Chemisorbed CO and CO, complexes are found, and 
both are strongly bound to the surface. These CO, complexes may be obtained by 
catalytically formed carbon dioxide interacting with the alumina, rather than 
with the nickel oxide. An alumina sample with no nickel nitrate on it was pre- 
treated in a fashion identical with that used in preparing the nickel oxide sample. 
After 10 mm of carbon dioxide was added, a band at 2340 em~! was observed due to 
physically adsorbed carbon dioxide, and a very broad weak band (of about 10 per 
cent maximum absorption) was found over the region from 1900 to 1400 em~. 
The species responsible for this band is unknown, but it seems to be relatively 
insensitive to carbon dioxide pressure. At 365 mm, the band had about 20 per cent 
absorption, and still gave no definite peak. Evacuation for 14 min at room tempera- 
ture removed nearly all the band except for a small peak at 1470 cm~'. A very 
small number of carbonate-like species may have been formed, on adding the 
carbon dioxide. It is of interest to note that Linpquist and Rea {13} have found 
quite prominent bands due to CO, complexes when CO, is adsorbed on alumina. 
Their alumina was made from aluminum isopropoxide, and the difference between 
their results and those reported here is probably due to the differing surface 
properties of the two samples of alumina. 

As such weak bands are found on adding carbon dioxide to this alumina, which 
is the major portion of the surface in the alumina-supported nickel oxide samples, 
the vast majority of the CO, species shown in Fig. 2(c) must be attached to the 
nickel oxide. This necessarily assumes that no change has been produced in the 
alumina by its impregnation with nickel nitrate and subsequent heat treatments to 
give nickel oxide. No information seems to be available on the validity of this 
assumption. 

The titania support. The titania support gives species differing from the other 


two supports over the whole region investigated (2300 to 1220 cm~'). The*‘reduc- 
tion” of the nickel oxide can be seen by the bands present at about 2060 em~! on 


[13] R. H. Lrypevuist and D. G. Rea. Presented at the 136th Meeting of the American Chemical Society, 
September, 1959. 
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silica and alumina, but on titania, this band is so weak as to be almost negligible. 
It appears at 2080 cm~! only at the highest pressure used (10 mm) and is removed 


by evacuation for 30 sec. 

Samples of anatase without nickel were prepared by the same reduction and 
oxidation cycle as used for the nickel oxide experiments. Carbon dioxide was then 
added. A dose of 3 mm pressure in the manometer (volume 34 cm*) was all rapidly 
adsorbed. Two very strong bands (about 95 per cent absorption) were recorded at 
1575 and 1330 em~!. Thus the CO,~ groups shown in Fig. 2(d) are probably formed 
by the chemisorption of catalytically formed carbon dioxide on the anatase. This 
is an extreme case of support interaction. This support interacts more with the 
catalytically formed carbon dioxide than does the nickel oxide itself. 

No explanation can be given, at present, of the very low intensity of the band 
at 2080 cm~' on this support. It is evident that the oxide must have been surface 
“reduced”, to some extent, in forming carbon dioxide. Possibly, in this case, for 
those sites where oxidation to carbon dioxide has occurred, nickel atoms may not 
be formed. 

General remarks. It is stressed that the primary aim of this work is to investi- 
gate the effect of the support, and not to investigate supported nickel oxide in 
detail. To establish the mechanism of the interaction between the support and 
the nickel oxide is obviously extremely difficult. 

GARLAND observed recently [14] that after poisoning nickel with carbon 
disulfide, only the linear species of CO was adsorbed. The same effect has been 
found here, if one considers that the nickel has been “‘poisoned”’ by the addition 
of oxygen. 

With the alumina support, evidence was found that CO, complexes were formed, 
attached to the nickel oxide. These complexes were originally proposed by DELL 
and Stone [1], working with unsupported nickel. The fact that CO, complexes are 
not found on the other supports is not considered to be evidence for, or against, 
the CO, complex theory. The effect of the support is specific to each system, and 
furthermore is so strong that detailed comparisons between unsupported and 
supported nickel oxide are inadvisable. (In addition, it is likely that different 
methods of manufacture of any given support will produce variations in surface 
properties which will probably affect the nickel oxides). In the present unsatis- 
factory state of the theory of chemisorption on supported metal oxides, it seems 
that any consideration of the relative electrical conductivity, lattice constants, 
etc., of the supports would involve little more than speculation. Hence we do not 
put forward any theoretical explanation of these results. Much more work on these 
systems is needed by all the experimental techniques which can possibly be applied 
to them, before any theoretical understanding of these results will be forthcoming. 


Carbon monoxide adsorhe d on supporte d bulk nickel oxide 


The silica support. Fig. 3(a) shows that no “reduction” of the silica-supported 
bulk oxide took place, even when 10-6 mm of CO was left above the sample over- 
night. A very weak band at 2175 em~! was the only one present. As the band was 


14) C. W. Gartann, J. Phys. Chem. 68, 1423 (1959). 
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so weak, no detailed evacuation experiments were performed. After 30 sec evacua- 
tion the band was weakened slightly, and became about as strong as the 10-6 mm 
dose was shortly after admission. The effect of the silica support is so strong that 
it prevents any “reduction” of the nickel oxide, at least in the times used here. 


100 


% transmission 


1800 1600 1400 


Frequency, cm 


Fig. 4. Evacuation of carbon monoxide adsorbed on nickel oxide on nickel. Supports used: 

(a) silica; (b) alumina and (c) titania. Spectra for silica: A, before evacuation, pressure 

10-4 mm; evacuation for total times of 0-5, 1-5 and 4-5 min (B-—D). For alumina: A, 

pressures 10-2 mm; evacuation for 0-5, 1-5, 4:5 and 28:5 min (B-E). For titania: A, 
pressure 10-0:mm; evacuation for 0-5, 1-5, 4-5 and 28-5 min (B—E). 


Previous attempts have been made to observe the spectrum of CO adsorbed on 
silica-supported bulk nickel oxide, and the 2175 cm~' band was not reported {6}. 
However, it is of interest to note that a form of complex can be observed on 
silica-supported nickel. No CO, complexes have been detected, but CO,~ ones have, 


by the following procedure. Carbon monoxide, at about 1-0 mm pressure was added 


to reduced nickel, and the excess removed by evacuation for | min. When two 
doses of oxygen (about 2 mm) were added, the bands at 2070 and 1920 em~! of the 
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linear and bridged forms of CO disappeared. At the same time, broad bands at 
1550 and 1350 em-' grew in intensity. These bands are at similar frequencies to 
those found on adding CO to titania supported nickel oxide. As carbon dioxide is 
not chemisorbed on to the silica support, the 1550 and 1350 cm ' bands are caused 


Fig. 5. Evacuation of carbon monoxide adsorbed on bulk nickel oxide. Supports used: 
a) alumina; (b) titania. Spectra tor alumina \, before evacuation, pressure 10-2 mm; 
-aeuation for total times of 0-5, 1-5 and 4-5 min B-D For titania: \, pressure 9 5 mm; 


evacuation for 0-5, 1-5, 4-5, and 28-5 min (B—E). 


by CO, groups on the surface of nickel oxide. This indicates that very divergent 
results can be obtained on supported nickel by adding CO and oxygen in various 


sequences. 

The alumina support. In the region 2200-2000 cm", there are certain similari- 
ties between the spectra obtained using alumina (Fig. 3b) and with the silica 
(Fig. 3a). In particular, no band at about 2060 em~! was found, indicating that no 
CO is present held to nickel sites. 

However, CO, complexes are still found on the alumina-supported bulk oxide. 
If the surface was slightly “reduced” during the formation of the CO, species, it is 
difficult to understand why CO was not adsorbed on the sites so formed, as occurred 
with the oxide made at room temperature. It may be that, in this case, CO; 


G64 


\ 
/| 
5 | 
\\\ V/A \ 17 
\7/ 
Frequency cm 


The effect of the support on the infrared spectra of carbon monoxide adsorbed on nickel oxides 


complexes are formed by the interaction of CO with adjacent oxide sites. The 
bulk oxide on alumina bears some resemblance to the nickel oxide on nickel sup- 
ported on titania. For the latter system (Fig. 2d), a very weak band was observed 
at 2060 cm~', together with evidence of carbon dioxide formation. 

The bands of the CO, complexes are much weaker on the oxide formed at room 
temperature. Both the 1650 and 1450 cm~! bands at 10-2 mm (Fig. 2c), are con- 
siderably weaker than those formed at a pressure of 0-9 mm on the bulk oxide. 
Another difference is the presence of the band at 1230 cm~! on the bulk oxide. 
Possibly the oxygen is relatively more loosely bound on the bulk oxide, which may 
explain the formation of relatively more CO, complexes. If the oxygen is mobile, 
or if there is an excess of oxygen, the nickel atoms formed by “reduction” will be 
rapidly re-oxidized, which would explain the absence of a 2060 cem~! band on 
Fig. 3(b). 

To investigate the adsorption of carbon dioxide on the support alone a sample 
was prepared by a reduction and oxidation cycle. The oxidation was performed at 
300°C, and the oxygen then evacuated isothermally. The spectra obtained were 
identical with those obtained by a room temperature oxidation of the pure support, 


and indicates that this particular alumina chemisorbs very little carbon dioxide 
after oxidation. The CO, complexes shown in Fig. 3(b) are attached to the bulk 


nickel oxide. 
Another method of making bulk nickel oxide was investigated. The procedure 
was the same as that used previously, except that the oxygen was evacuated at 


room temperature. Similar doses of CO to those used in Fig. 3(b) were then added. 


The number and frequencies of the bands found were identical, within experi- 
mental error, with those shown in Fig. 3(b). At 10 mm CO pressure, the 2175, 1650 
and 1450 em~! bands all had 5 per cent greater transmission than the bands in 
Fig. 3(b). 

The titania support. The nickel sites left vacant on the titania-supported bulk 


nickel oxide on forming carbon dioxide are able to chemisorb CO. The latter 
molecules are held in the linear fashion and absorb at 2080 em~'! (Fig. 3c). With 
the bulk oxide, relatively less carbon dioxide seems to be made at all CO pressures 


as shown by the relative strengths of the bands at 1570 and 1330 cm~!. This may 


be related to the considerable amount of CO held to metallic sites on the bulk oxide. 


Similar effects, although for the reverse order of nickel oxides, were found with 


alumina (Figs, 2c, 3b). 

Evacuation removes the bands at 2190, 2125 and 1990 em~'! in 30 sec. but the 
2060, 1570 and 1330 cm~'! bands are removed less rapidly (Fig. 5b). In fact, after 
the first evacuation, the 2080cm~' band increased slightly in intensity. No 


explanation can be offered for this effect; it is evident that a small amount of 


evacuation increases the number of CO molecules held to nickel sites . The same 


effect also occurred on another anatase-supported bulk oxide preparation (Fig. 6). 

As with alumina, the effect of cooling the titania-supported bulk nickel oxide 
down to room temperature in oxygen was investigated. The spectra obtained show 
bands at similar frequencies (Fig. 6a) to those found in the other bulk oxide pre- 
parations (Fig. 3c). The intensities are a little different. To investigate the 
reactivity of the linearly held CO, the following experiment was performed. The 
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sample was evacuated for | min after the last dose had been adsorbed. This 
removed the weakly held species at 2190, 2125 and 1990 cm~'. Two millimeters 
of oxygen were then added from the manometer and was all rapidly adsorbed. The 
oxygen completely oxidized the CO to carbon dioxide, as shown by the simultaneous 


% transmission 


600 
Frequency, cm 
Fig. 6. Carbon monoxide adsorbed on titania supported bulk nickel oxide. Adsorption 


experiments in section (a): the pressures used are given in mi. Section (b); spectra 


obtained after evacuating the carbon monoxide for one minute (A). Spectrum obtained after 


adding 2 mm (initial pressure) of oxygen (B). 


removal of the 2080 em~ band, together with the growth of the bands at 1570 and 
1330 

General remarks. In common with the nickel oxide on nickel systems, no CO, 
complexes were found on the bulk nickel oxide on silica or titania, but were found 


using the alumina support. CO,~ groups were observed in the titania experiments 


which are probably the result of catalytically formed carbon dioxide interacting 
with the titania. 

As far as the “reduction” of the oxides by CO is concerned, in every case the 
inverse effect occurred to that observed with the nickel oxide on nickel systems. 
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These results are of unexpected complexity and, as discussed earlier for the nickel 
oxide on nickel systems, do not seem amenable to theoretical explanation at present. 
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Fluorine nuclear magnetic resonance spectra of some perfluoroviny! derivatives 
of metals and metalloids* 
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Abstract— Fluorine nuclear magnetic resonance spectra have been obtained for eleven perfluoro- 
vinyl derivatives of boron, silicon, germanium, tin, mercury and arsenic. Most of the spectra 
exhibit unexpected hyperfine structure, suggesting the possibility of long range spin-coupling in 
these compounds. 
Introduction 

NUMEROUS examples now exist of the application of nuclear magnetic resonance 
(NMR) techniques to the study of fluorine-containing compounds [1]. From the 
viewpoint of sensitivity, the '*F nucleus is almost as suitable as the proton for NMR 
investigations, and the wide range of fluorine chemical shifts frequently simplifies 
interpretation by minimizing second-order effects and permits meaningful correla- 
tions of chemical shifts with molecular structure. 

Although chemical shifts and spin coupling constants have been reported for 
a variety of fluoroérganic compounds, almost no data are available in the rapidly- 
expanding area of fluoro-organometallic chemistry. With the recent preparation, 
in this laboratory and elsewhere, of a number of perfluoroalkyl- and perfluoro- 
alkenyl metal derivatives, it has now become possible to investigate in some detail 
the effects on the NMR spectra of bonding metal and metalloid atoms to fluoro- 
carbon groups. 

In this paper we report '*F NMR spectra of a variety of perfluorovinyl com- 
pounds {2}, including derivatives of boron, arsenic, mercury, silicon, germanium 
and tin. 

The perfluorovinyl group, CF,—CF—., is a simple example of a three-spin 
nuclear system. Spectral parameters have been reported for several simple per- 
fluoroviny! compounds [3-5]. In a typical case, e.g. chlorotrifluoroethylene 
(perfluoroviny! chloride) [5], the chemical shift differences between the three 


* Previous paper in this series, 8S. L. Starrorp and F. G. A. STONE, Spectrochim. Acta 17, 412 (1961). 
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fluorine atoms are large compared with the spin coupling constants, and the 
system may be described as being of the AMX type [1]. The resulting spectrum 
contains twelve lines disposed in three widely separated quartets, each quartet 
corresponding to one of the three non-equivalent fluorine atoms. In this simple 
first-order spectrum, the spin coupling constants can be obtained directly from the 
line separations within the quartets. 

The spectra of perfluorovinylmetallic compounds may be expected to be quite 
similar to the spectrum of perfluoroviny! chloride, although some variation in the 
chemical shift and spin coupling parameters might be expected and would be of 
primary interest in a study such as this one. However, if the ratio of shifts to 
coupling constants remains large, and the interaction between different groups on 
the same central atom is negligible, the first-order treatment should suffice for 
interpretation. The presence of additional magnetically active nuclei that can be 
spin-coupled to the fluorine atoms will, of course, affect the appearance of the 
spectrum. 

Experimental 
(a) Materials 

The preparations of the perfluoroviny! derivatives of tin, boron and arsenic have 
been described previously |2]. The perfluoroviny! derivatives of silicon, germanium 
and mercury were made from the perfluorovinyl Grignard reagent and the appro- 
priate metal chlorides in a manner analogous to the preparation of the tin com- 
pounds. Samples of liquids used in this study were constant-boiling center cuts 
from distillation of the compounds, generally shown to be at least 95 per cent pure 
on the basis of vapor phase chromatography and infrared spectroscopy. Purity of 
the boron compounds was established as described elsewhere | 2}. 


(b) Nuclear magnetic resonance measurements 

Spectra were obtained with a Varian V4300B High Resolution Nuclear Magnetic 
Resonance Spectrometer equipped with superstabilizer and field homogeneity 
control coils (“shim coils’). Measurements were made at both 40 and 56-4 Me/s. 

For measurements of chemical shifts, 10 mole per cent solutions of the perfluoro- 
vinyl compounds were prepared, using trichlorofluoromethane as solvent. Fine 
structure was investigated using neat liquid or 50 mole per cent solutions in tri- 
chlorofluoromethane. Samples were contained in 5-mm (o.d.) Pyrex tubes, sealed 
under vacuum. In the case of the neat liquid samples, a sealed capillary tube 
containing trichlorofluoromethane was added to the sample tube to provide an 
external reference. 

Line separations were measured using a precision audio-oscillator and associated 
frequency counter. Chemical shift measurements were made by the method of 
Fitreovircu and Trers [6], or by calibrating the spectra with side-bands whose 
separation from the parent peaks was accurately known. Chemical shifts are con- 
sidered accurate to 0-1—0-2 p.p.m., separations of lines within multiplets were 
measured to an accuracy of 0-5 c/s, by direct superposition of side-bands, or by 
valibration of a number of spectrometer traces with applied side-bands. The 


[6] G. Firrpovicu and G. V. D. Trers, J. Phys. Chem. 68, 761 (1959). 
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character of the spectra rather than the accuracy of the measurements is probably 
the limiting factor in the accuracy of the coupling constants derived from them. 
Discussion 
General appearance of the spectra 
Under moderate resolution, the spectra of most of the perfluoroviny!metallic 
compounds investigated in this work are seemingly of the AMX type. Typical 


| | (CF>* CF) Hg 


| 


(CF, CF), As 


150 
CHEMICAL SHIFT (ppm) 
(relative to CCisF) 


Fig. 1. '*F NMR spectra of perfluorovinylmetallic compounds. 


examples are provided by the spectra of the silicon, mercury and arsenic derivatives 
illustrated in Fig. 1. In each case, three distinct multiplets are observed, appearing 
under these conditions as the expected quartets. In one instance, the high-field 
multiplet of tris(perfluorovinyl)arsine, there is evidence of further splitting, and 
closer examination under high resolution reveals that this is indeed the case, not 
only in the arsenic derivative, but in many of the compounds investigated. This 
additional structure will be described below. 


Chemical shifts 
For convenience, the fluorine atoms in the perfluoroviny! groups will be numbered 


in this discussion according to the following scheme: 


Fay Fi) 
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To emphasize stereochemical relationships, the coupling constants will be denoted 
as follows: J,,. J J 
(12) (13) (23) 


gem? cis? trans’ 


The observed chemical shifts of the fluorine atoms are listed in Table 1. The 
values reported are for solutions at a concentration of 10 mole per cent in trichloro- 


fluoromethane and are expressed as the separation, in parts per million, between 
the multiplet centers and the solvent peak. 


Table 1. '*F Chemical shifts in perfluorovinylmetallic compounds 


Chemical shift * 
Compound 


(3) 


CF BCL, “6 7: 184-5 
CFBF,+ 2°! 99°! 206-6 
CF),B 2: 91- 185-9 
CF),Hg 185-0 
CF),As 84°! 2°7 177-0 
CF), Si(C,H 5), 199-7 
CF),Ge(CHs), 86-6 6 195-5 
CF) ,Ge 2-7 196-5 
CF),Sn(CH,), 21:3 194-6 
CF)Sn(C,Hg), 192-7 
CF),Sn(CgH;), 6 193-2 
: 145 
193 


* In parts per million, relative to CCI,F internal reference. All compounds measured in 10 mole per 
cent solution in CCI,F. 

+ BF, fluorines at 86-7 p.p.m. Concentration 25 per cent; chemical shifts in 10 per cent solution will 
differ by less than | p.p.m. 

t From [5], approximate value. 

§ From |4|, approximate value. 


Assignments of the multiplets to a particular fluorine atom are based on two 
general considerations: 

(1) In every case there are two low-field multiplets lying relatively close 
together and a third multiplet at much higher field. The high-field multiplet is 
assigned to the fluorine atom of the —-CFM group, since the environment of that 
atom should be quite distinct from that of the fluorine atoms of the —CF, group. 

(2) In all the fluoro-olefins so far investigated, the spin coupling constants 
between two fluorine atoms located trans to one another are significantly greater 
than the couplings between cis-fluorine atoms or between gem-fluorines. Thus, the 
low-field multiplet exhibiting the largest major splittings may be assigned to F,,). 

These criteria lead to the conclusion that in every case the chemical shifts are 
in the order 6(F,,)) 0(F;)) O(F,,,). It is of interest that although the order of 
proton chemical shifts of ordinary vinyl compounds is variable, H,,, is almost 
always the least shielded [7]. 

It is apparent from the values given in Table | that there is little correlation 


C. N. and N. Sueprrarp, Mol. Phys. 3, 351 (1960). 
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between the chemical shifts and the nature of the central atom in these perfluoro- 
vinyl derivatives. In the case of the group IV derivatives, the chemical shift 
differences due to changing substituents on a particular metal are at least as large 
as the differences associated with variations in the metal atom. Comparison of the 
results of this work with the limited amount of available chemical shift data for 
simple perfluorovinyl compounds indicates that the absorption due to F,,, is shifted 
some 10-30 p.p.m. to lower field in the perfluorovinylmetallics. A similar but 
smaller shift of the F,,, absorption in most cases can also be seen from the data. 

The unshielding of the F,,, and F,,, atoms is particularly pronounced in the 
boron compounds. Proton resonance measurements in several vinyl compounds 
have suggested that the terminal hydrogen atoms of a vinyl group are unshielded 
by substituents that are mesomerically electron withdrawing [7]. While the parallel 
should not be overstressed, it is of interest that mesomeric effects of this type can 
be expected to occur in the perfluorovinylboron compounds [8]. It is also note- 
worthy that the F,,, shift in CF,—CFBF, is the highest observed in this work, 
while the corresponding shift in the dichloride is the second lowest. This observa- 
tion serves to emphasize that the effects of the other substituents are at least as 
important in these compounds as the effects of the central atom. 


M ulti ple t structure 


In many of the compounds investigated in this work, the absorptions due to the 
individual fluorine atoms are more complex than the quartets predicted by first- 
order theory. In bis(perfluorovinyl)mercury, for example, there are four distinct 
“hyperfine multiplets” in the region of the spectrum assigned to the F,,, atom. 
Each of these consists of a strong peak, with a shoulder indicating further un- 
resolvable structure, and several less intense peaks. The extremes of each hyperfine 
multiplet are separated by less than 5 c/s, and even under optimum instrumental 
conditions the system appears to be quite complex, with the appearance of a band 
envelope rather than a few distinct peaks. The strong peaks of the four individual 
multiplets are separated by some 39 c/s (first and second, and third and fourth) 
and 36 c/s (second and third). The entire pattern thus extends over about 114 ¢/s 
and is symmetrical with respect to the center. The F,,, absorption is similar, but 
consists of four broad lines bearing shoulders suggesting unresolved underlying 
structure. Greater resolution can be achieved in the F,,, peaks, but here again the 
spectrum has the appearance of an envelope rather than of cleanly resolved 
individual lines.* The hyperfine multiplet structure occurs also in the satellites 
due to the spin coupling between the fluorine atoms and the atoms of '*Hg (16-9 per 
cent natural abundance). The multiplet patterns are identical at 40 and 56-4 Me/s. 

A possible explanation of the observed features of the spectrum is long-range 
spin coupling between the fluorine atoms in different perfluoroviny! groups. The 


molecule can be considered as an AMX system only if such coupling is absent. If 


the coupling does occur, corresponding fluorine atoms on the two groups are no 


* The authors acknowledge the assistance of Mr. Lurner Herrick in efforts to achieve optimum 
resolution of these spectra 
[8] T. D. Coyze, 8. L. Starrorp and F. G. A. Stone, J. Chem, Soc. In press (1961). 
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longer magnetically equivalent [9], even if their chemical shifts are identical, and 
the system is of the A,M,X, type. 

Long-range proton couplings have not been observed in alkylmetal compounds, 
and the proton spectra of diethyl] derivatives of several metals have been interpreted 
satisfactorily as A,B, systems [10]. However, it does not necessarily follow that 
the same is true when the groups are fluorinated, and the presence of the double 
bonds may also alter the situation.* 


CFp* CFBCI» H—> 


CF, = CFBF, 


(CF, *CF),B 


100 150 200 
CHEMICAL SHIFT (ppm) 
(relative to CCI,F) 


Fig. 2. '*F NMR spectra of perfluorovinylboron compounds. 


These hyperfine splittings are not confined to the mercury compound. For 
example, the spectrum of tris(perfluoroviny])arsine exhibits an even more elaborate 
structure, at least thirty-two lines being resolved in the F,,, multiplet. The hyper- 
fine multiplets are considerably less ‘compact’ than in bis(perfluorovinyl)mercury 
and contain several strong, and many weaker, peaks. 

The spectra of the three boron compounds illustrate the conditions under which 
hyperfine splittings are observed and provide an informative example of the effects 
of increasing molecular complexity and of changing the symmetry about the boron 
atom. Spectra taken under moderate-resolution conditions are shown in Fig. 2. It 
is apparent that these spectra are quite different from those shown in Fig. | for the 


* The possibility of long-range couplings between protons and the fluorine atoms of perfluoroviny!l- 
alkylmetallic compounds cannot be excluded. It is of interest to note that in the compound CF,SSiH, 
a relatively large proton fluorine coupling of 1-75 ¢/s is observed | 11). 

{9} P. L. Corto, Chem. Revs. 60, 363 (1960). 
P. T. and M. T. Rogers, J. Am. Chem. Soc. 82, 5983 (1960). 
11} A. Downs and E. A. V. Epswortn, J. Chem. Soc. 3516 (1960). 
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more typical perfluorovinyl compounds. The F,,, (low-field) and F,,, (high-field) 
absorptions are quite broad and featureless, while the F,,, multiplets, although 
sharper, are rather different from the corresponding absorption peaks in the 
derivatives of the other metals. 


(c.p.s.) 


Fig. 3. F,,, multiplet in perfluorovinyl boron compounds. 


The F,,, multiplet of CF,—CFBCI, appears as a broad line, barely resolvable 
into a doublet with a separation of ca. 20 c/s. The corresponding absorption in 
CF,—CFBF, is not at all resolvable. In tris(perfluorovinyl)boron a sharper 
doublet is obtained, but even in this case the lines are much broader than in the 
other perfluorovinylmetallics. The extreme broadening of the lines is evidently the 
result of quadrupole relaxation of the "B nucleus, which may be expected to be 
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spin-coupled to F,,,.. The partial sharpening of the F,,) lines in tris(perfluoroviny]l)- 
boron is apparently due to the higher symmetry of the electric field gradients at 
the boron atom which results in a reduction of the quadrupole broadening. The 
absence of doublet structure in perfluorovinyldifluoroborane is no doubt attribut- 
able to additional spin coupling between F,,, and the fluorine atoms of the BF, 
group, the resulting complex multiplet being broadened to such an extent by "B 
quadrupole relaxation that all structure is obscured. 

The F,,, absorptions are broad doublets in all three compounds, the doublet 
splittings being attributable to the rather large spin coupling of F,,, to F,,,. The 
effects of symmetry are again illustrated by the sharpening of the peaks in the tris 
compound (Fig. 2). 

In all three boron compounds, the F,,, multiplets are the least broadened by 
boron quadrupole effects. This implies that the boron atom is, as expected, 
coupled least strongly to F,,,. The multiplets are distinctly different in the three 
compounds, as shown by the spectra reproduced in Fig. 3. 

In CF,—CFBCI,, a simple quartet is observed. The line separations within the 
quartet yield directly values for the two coupling constants involving F,.) (J;,.,. 
114 ¢/s, J,,,, = 6-7 ¢/s). The value of J,,,,, agrees satisfactorily with the separation 
in the F,,, doublet, while the remaining coupling constant may be estimated from 
the separation in the F,,, doublet (./,,, ca. 20 c/s). The values of //,,,,,, and J... 
are consistent with the values obtained in a number of fluoro-olefins, but /J,,,,, is 
remarkably low. 

The F,,, multiplet pattern of CF,—CFBF, is fundamentally that of the corre- 
sponding peaks in the chloride, with each member of the quartet split further into 
a triplet by the fluorine atoms of the BF, group. In this compound, /,,,,,, 117 
c/s, while J,,,, 18 c/s, a value that is still somewhat low for this type of coupling, 
but considerably greater than in the chloride. The coupling constant between F,,, 
and the fluorine atoms of the BF, group is 25 e¢/s. 

As is evident from Fig. 3, the F,,, pattern for tris(perfluoroviny!)boron is 


trans 


exceedingly complex and is reminiscent of the multiplets observed in the arsenic 


and mercury compounds discussed above. It is unlikely that the observed structure 
is due to spin coupling between F,,, and the boron nucleus, since such coupling 
seems insignificant in the perfluorovinylboron dihalides. In any case, the B-F 
coupling would be expected to produce only a first-order multiplet structure, i.e. 
four quartets. To the accuracy of these measurements, the pattern is identical at 
40 and 56-4 Me/s, and it is therefore improbable that nonequivalence due to 
restricted rotation or some similar factor is responsible for the observed structure. 
Since the fine structure is observed only when more than one perfluoroviny! group 
is bonded to the boron atom,* it may be due, as suggested above for the other 
compounds, to spin coupling between the fluorine atoms of different perfluoroviny! 
groups. 


* A sample of bis(perfluorovinyl)chloroborane was prepared for study, but partial disproportionation 
occurred during the brief periods in which the liquid was held at room temperature. The spectrum of the 
resulting mixture showed, in addition to the lines due to (CF,=-CF),B and (CF,-—CF)BCI,, a complex 
pattern of lines in the F,,, region attributable to (CF,--CF),BCl. Although the overlap of the spectra 
prevented detailed study, it is clear that the F,,, pattern of the bis(perfluorovinyl) compound is complex, 
like that of (CF,--CF),B. 


T. D. Coyie,. L. Starrorp and F. G. A. 


The hypothesis of long-range spin couplings provides a satisfactory qualitative 
explanation of the observed spectra. To confirm this, however, it would be neces- 
sary to analyze the spectrum in detail and to show the equivalence of the observed 
spectrum and a spectrum calculated on the basis of the energy levels for the model 
used.* 

Exact evaluation of the coupling constants in these molecules is not possible 
without detailed analysis. However, the principal splittings in the spectra are due 
to the F-F couplings within the perfluoroviny! groups, and the hyperfine multiplets 
are sufficiently narrow in some cases to justify estimates of the principal coupling 
constants based on first-order theory. This has been done for several of the com- 
pounds, with the results recorded in Table 2. While the precise numerical values 


Table 2. Approximate spin-coupling constants in perfluorovinylmetallic compounds 


coupling constants (c/s) 


( ompound 


114 
117 
110 
109 
117 
11s 
32 118 
34 116 
34 115 
34 118 


‘ySn(C, Hg) 


, 5e/s. J cannot be determined because of broadness of F,, and F,, peaks. 
se of the complexity of the F,,, multiplet, and the broadness of F,,, and F\,,, the assignment 
cal values to J and J,,, is not unequivocal, The assignments given are based on analogy to 
». Where the 7 ¢/s coupling is clearly attributable to the gem-interaction. 
coupling constants to C,F, fluorine atoms: F,,,: 223; 17; 820. 
1—-F coupling constants to C,F, fluorine atoms F,,,: 29; F,,,: 25 (doublets unresolved); F,,,: 208 
, 199 Sn 


obtained by this method should not be taken too seriously, the results are not very 
different from the corresponding values in simple fluoro-olefins and indicate that no 
major alteration in the coupling constants is produced by the presence of the metal 
atoms. The one exception to this generalization appears to be the gem-coupling in 
the boron compounds, which is, as noted above, much lower than the values 
usually found in —CF, groups. Spin coupling between the fluorine atoms and the 
magnetically active isotopes of the central atoms produces simple satellite patterns 
symmetrically disposed about the main peaks. Typical values of the coupling 
constants are reported in Table 2 for the mercury compound and one of the tin 
derivatives. 


* This approach is under investigation by one of us (T. D. C.). 


CF,—CFBCI, 7 
CF,—CFBF,* Is 
(CF, =CF),B* 5 
CF,—CF),Si(C,.H.). 62 
F).( CH.). VULe 
re 
3/2 
75 
79 
(CF, 
of nul 
CF, 
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Abstract {aman spectra (with polarizations) and infrared absorption from 80 to 4000 em™! 
are reported for Si( NCO), and Ge(NCO), The spectra of both compounds are surprisingly 
simple and indicate high symmetry. For Si(NCO), the data fit a tetrahedral model fairly well. 
An interesting consequence is that the Si—N=-C—O group is linear, in contrast to the C—N 
C=O group. The data for Ge(NCO), would also fit a tetrahedral model except for one feature: 
an “extra” polarized Raman line at 670 cm™~! with an infrared counterpart. From this feature, 
and from other non-spectroscopic evidence, it is concluded that Ge(NCO), deviates to some 
unknown degree from being tetrahedral. 

An X-ray diffraction study of Si(NCO), showed that the crystal is triclinic. From the 
100 10-65 A, dor 5-94 A, y®* 86° it follows that 


there are four molecules per unit cell. Measurements of the C™ NMR spectrum showed only a 
(13 


measured dimensions c 12-865 A, d 


single broad resonance in each compound. Several attempts to prepare Sn(NCQO), and 


‘O), were unsuccessful. 


Introduction 

Iv skeMs fairly certain that the molecules HNCO and CH,NCO have a bent 
framework, with a bond angle of approximately 125° at the nitrogen atom [1]. 
This suggests an interesting problem with silicon tetraisocyanate, Si(NCO),. Pre- 
sumably in it the nitrogen atoms would be arranged tetrahedrally around the 
silicon, but there would again be a kinking of each substituent group at the nitrogen 
atom. What, then, is the resulting structure? To try to answer this question, a 
study has been made of the infrared and Raman spectra of both Si(NCO), and 
Ge(NCO),. The results were surprising. X-ray single crystal studies of both mole- 
cules were then initiated, but proved to be formidable and were abandoned at an 
early stage. N-M-R measurements provided no help. 

Si(NCO), was first prepared and described by Forses and ANDERSON in 1940, 
[2]. It is a colorless substance which melts at 26° and boils at 186°C. Aside from a 
fragmentary infrared spectrum by THIEBAULT [3], the only spectroscopic work is a 
recent infrared and Raman study by Gouseat et al. [4]. Our data differ considerably 
from theirs, and also are more complete; for example our infrared spectrum includes 
the range 80-700 cm~!, and our Raman measurements include polarizations. As a 
result our conclusions about the structure differ significantly from theirs. 

+ From a thesis to be submitted by Geratp L. CarLson in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy at the University of Pittsburgh 

+ This work was supported by the United States Atomic Energy Commission under Contract 
AT(30-1)-1993. 

{1| E. H. Eysrer, R. H. Griverte, and L. O. Brockway, J. Am. Chem. Soc. 62, 3236 (1940). 
| G. 8S. Forpes and H. H. Anperson, J. Am. Chem. Soc. 62, 761 (1940). 


3| RK. Turespauitr, Ann. chim. (Paris) 8, 72 (1953). 
J. Gouseav, E. Heusacn, D. and I. Wipmatrer, Z. anorg. u. allgem. Chem. 300, 194 (1959). 
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The preparation of Ge(NCO), was reported independently by LAUBENGAYER 
and Reeeer [5] and Forses and ANpERSON [6]. It too is colorless, with m.p. —8°, 
b.p. 204°. No spectroscopic or structural study or it has been reported. 


Experimental 


Preparation of the samples 


The method of Forpes and ANDERSON was used |2, 6]. The reaction is 


MCl, + 4AgOCN M(NCO), 4AgCl 


reflux 
where M = Sior Ge. After removal of the benzene by distillation, the sample was 
further purified by vacuum distillation and vacuum transfer. For Si(NCO), it 
proved detrimental to dry the vacuum system with SiCl(CH,), as is our usual 
practice [7], because the sample then became too cloudy for Raman study. Ifthe 
treatment was omitted, a satisfactory product was obtained. The treatment was 
therefore omitted for Ge(NCO), also. 

Both compounds are only moderately sensitive to moisture and are stable for 
long periods when sealed under vacuum, although after some months bits of white 
solid will appear. 

The majority of the reaction product (about 97 per cent) was the desired tetra- 
isocyanate, but a small amount of yellow residue was also obtained in both prepar- 
ations. Forpes and ANDERSON at first thought that the residue from the silicon 
reaction was the tetracyanate, Si(OCN), [2], but later realized that it was (OCN), 
SiOSi(NCO), and higher homologues [8]. Goupeav et al. [4], found that it has a 
strong infrared band at 1110 em~! which is characteristic of the Si—O—Ni linkage. 
We have obtained the infrared spectrum of the solid residue from the germanium 
reaction, and the presence of a strong band at 880 cm~! suggests that this is the 
analogous germanium compound. There was too little sample to pursue this 
further. 

Attempts to check the purity of the tetraisocvanates by vapor-phase chroma- 


tography were only moderately successful, although various conditions were tried. 
With Si(NCO),. using a column packed with Apiezon L on firebrick, three peaks 
were obtained: a main one, accounting for about 95 per cent of the sample, and 
two minor ones. It is not known whether these minor peaks were due to impurities 
or to decomposition of the sample on the column at 125°C. For Ge(NCO), no 
results were obtained with the firebrick column, but with a column composed of 
Apiezon L on “*Fluoropak 80°, one single but very broad peak was obtained. 


Infra red spectra 
Infrared spectra of Si(NCO), and Ge(NCO), were obtained over the range 
80-4000 em~!. The 80-350 cm~! region was covered with a small grating spectrom- 
eter which has been described previously [9]. For the 300-4000 em~! region a 
5) A. W. LavBEenGAYeER and L. Reecer, J. Am. Chem. Soc. 65, 1783 (1943). 
(6) G. 8S. Forspes and H. H. Anperson, J. Am. Chem. Soc. 65, 2271 (1943). 
7) M. K. Rev. Sei. Instr. 25, 1130 (1945). 


G. 8S. Forpes and H. H. ANnpERsow, J. Am. Chem. Soc. 69, 3048 (1947). 
F. A. G. L. Cartson, and W. B. Wurre, Spectrochim. Acta 15, 709 (1959). 


978 


VOL. 
17 
196] 


: | 
= 


17 
96] 


The vibrational spectra and structure of Si(NCO), and Ge(NCO), 


Beckman IR-4 spectrophotometer (double beam, double monochromator) with 
NaCl and CsBr optics was used. All frequencies in this region were carefully checked 
with a Perkin-Elmer Model 112 spectrometer using CsBr, NaCl or CaF, prisms as 
appropriate. Infrared frequencies are believed to be accurate to +1 em~! for 
100-1000 em~!, +2 for 1000-2000 em~ and +6 near 3000 

Liquid cells with windows of CsI, CsBr and NaCl were used from 195-4000 em~. 
Both samples are quite inert toward the window materials and can be easily 
handled in a dry box. Below 195 cm~! the only practical window material is poly- 
ethylene, and this is unsatisfactory for liquid cells because of its flexibility. Con- 
sequently the samples were studied as solids by depositing them from the vapor 
phase onto a cold polyethylene plate in a low-temperature cell equipped with 
polyethylene windows. No absorption was found below 195 cm~'! even though thick 
deposits were used. 


Raman spectra 

The Raman spectrograph and procedures have been described in earlier papers 
[10], and the only modification is that a ‘“Toronto-type” mercury are is now em- 
ployed. Kodak 103a-0 and 103a-J plates were used with Hg 4047 A and 4358 A 
excitation respectively. The filters were Wratten 2A and rhodamine 5-GDN Extra. 
Sample size was about 10 ml for both compounds. Both substances are weak 
scatterers (Si(NCO), being the weaker), and exposure times of about 1.5 hr were 
required. Qualitative polarizations were obtained by the method of Epsaui and 
Wizson [11], with exposure times of about 3hr. The Raman frequencies are 
believed to be accurate to +3 cm~ for sharp bands. 

Because of several marked discrepancies between our frequencies and those of 
GOUBEAU et al., as discussed in the next Section, several exposures for each com- 
pound were also taken in the second order of a grating blazed for 7500 A. About 
3 hr were required. The results agreed well with our other ones. 

We were also fortunate in being able to run Si(NCO), on a Cary model 81 Raman 
spectrometer. This did the following: (a) confirmed our frequency values; (b) 
showed no bands at 166, 185, nor 2218 em~'!, where GouBEAU, ef al. report them; 
(c) located new weak, broad bands at 1224 and 2277 cm~! which we had not 
observed photographically; (d) showed 2351 em~! to be strongly polarized, 2277 
em”! depolarized. 

Results 

The results for Si(NCO), are given in Table | and Fig. |. All frequencies are 
for the liquid state except: (a) the very intense infrared bands, which were meas- 
ured in solution as noted in Table | in order to make them weak enough to locate 
the band center, and (b) the 198 em~! band of Ge(NCO),, which was measured in 
the solid at about 90°K. The results of Gouseav et al. [4], are included in Table | 


for comparison. There are some puzzling discrepancies in the two sets of data. 
Each set contains 4-5 Raman lines not found in the other, and in the 2200—2350 
cm~ region there is no agreement whatever. In the infrared there is a disagreement 


{10} F. A. Micver and R. G. Inskeep, J. Chem. Phys. 18, 1519 (1950). F. A. Micver, L. R. Covsrys, 
and R. B. Hannan, J. Chem. Phys. 23, 2127 (1955). 
[11] J. T. Epsavt and E. B. Wirson, Jr., J. Chem. Phys. 6, 124 (1938). 
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of 15-30 em~' in most of the frequencies. Knowing about these discrepancies, we 
naturally have been careful to check our values, and believe them to be reliable 
within the limits given earlier. 

Results for Ge(NCO), are given in Table 6 and Fig. 1. 


Transrms 


Percent 


200 1400 i600 2000 2400 2800 3200 


Frequency 


Infrared and Raman spectra of Si(NCO), and Ge(NCO),. (Note the scale change at 
Vertical bars indicate the Raman lines. For the infrared spectra: (a) Liquid, 
capillary film. (b) Liquid, 0-023 mm. (c) CS, solution, ~10 per cent, 0-05mm. (d) ccl, 
solution, ~5 per cent, 0-023 mm. (e) Solid at ~90° K. 


Discussion of results 

The structure of these molecules presents two major problems. First, are they 
tetracyanates or tetraisocyanates, M(OCN), or M(NCO),? Initially we were also 
concerned about the possibility of having mixed compounds of the type 
M(NCO) (OCN), but this can confidently be eliminated on several grounds. 
First, the preparative reaction gives essentially a single product. With the silicon 
compound, for example, about 97°, of the yield is a single substance with sharply 
detined physical properties. (The nature of the residue has already been mentioned.) 
Second, the carbon-13 NMR spectrum of each compound showed only a single 


broad line, indicating that there is only one type of carbon atom present in each 
compound. Third, the striking simplicity of the spectra indicates a single highly 
symmetrical compound in each case. Thus the product is either a tetracyanate or 


tetraisocyanate. Forpes and ANDERSON decided in favor of an isocyanate on very 
flimsy evidence {2}. Goupgavu et al. concluded that the silicon compound is an 
isocyanate by comparing the internal vibrations of the —-NCO group with those of 
HNCO and its derivatives. The same result follows for the germanium compound. 
The pertinent frequencies are given in Table 2. As shown there, a cyanate is not 
expected to have any fundamentals between 1200 and 2000 em~!. The strong bands 


600 ___800__ 1000 1400 __2800 _3200 3600 
\ \\ | ‘ 
n\ |] 
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Table 1. Raman and infrared spectra of Si(NCO), (liquid) 


Raman 


GiOUBEAU, This work 
etal 
Int 


166 
249 : 251 


291 
(396) 


441 
404 


asym. 


‘ 


Infrared 


This work 


Int 


1065 
1154 
1221 


2000 


2260 


2570 2600 
2750 2763 
2985 3000 
3095 
3440 \ $454 
3738 
3840 


p polarized; w weak; 
asym. asymmetric ; ( 
* 339 in CH,Cl.,. 


m medium; 8s strong: \ very; b 
) Found on only the longest exposure. 


bre vad: 


+ 396 presumed to appear in liquid by breakdown of selection rules. 


+ 615 in CS,. 

$ Measured in CS,. 

1483 in CCl,. 

** Measured in 


Table 2. Characteristic frequencies of cvanates and isocyanates (cm 


1) 


Predicted Observed 


(Cvanate, 


1200 


N 


2284 Infrared 2247 
2347) | 2304 
2276) Raman | 9937 


~1400 1482 Infrared 1426 
1474 Raman 1432 


shoulder; 


T, model 
ent Syvrnmetrs 
p em Int em 
Real 
Real? 
5 dp Ve 
2 vb, dp Vs f 
338* m 
434 Hye 4347A $4 437 
493 5 10 P Vs ay 
546 “ ~ 542 vw, sh Vis a 
HOST Vie f, 
i 619 2 619 4 dp Vy ¢ 
705 7278 vs le 
vw 306 HOS 
1061 vw 338 727 Pe 
1121 vb 1150 “ 546 608 
1224 1218 1225 m 404 727 
60S 619 1227 
1474 10 1474 ay 
1475s 1482¢ 3 Vie f, 
2091 vyw, sh 60S 
2218 l Real? 

2276 0, vb, dp ) : 
vs 2284°* VVs "9 2 
17 2347 lL op, ty 
] vw 338 2276 2614 

404 2276 2770 
m 727 2284 3011 F, : 
w, sh 
vvw 494 2 1482 3458 F. 
m 1474 2284 3758 F, 
w, sh ? 
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found at 1400-1500 em~' in both compounds therefore clearly indicate an iso- 
cyanate. (It may be noted in passing that true organic cyanates are not known [12].) 
It may be confidently concluded that the molecules are Si(NCO), and Ge(NCO),. 

The second problem is to establish the symmetry of the two molecules in order 
to be able to say something about the structure and the bonding. It appears that 
the two molecules may have different symmetries, so they will be discussed 
separately. 

Si(NCO), 

The spectrum of Si(NCO), is remarkably simple for a thirteen-atom molecule. 
The number of Raman and infrared bands is small; there are only three polarized 
Raman lines: and there are af most four Raman-—infrared coincidences (546 and 542, 
1224 and 1223, 1474 and 1482, and 2276 and 2284 cm~'). It is very possible that 
there are no coincidences. The first two frequencies are very weak and may be 
appearing by breakdown of selection rules in the liquid state. The last two pairs 
are each separated by 8 cm™~' which we believe to be outside our limits of error. 
Furthermore the last two pairs arise from stretching modes within the NCO 
groups. Since there are four such groups, there are four such modes, and it is not 
surprising that several of the frequencies will be close together. Thus it is quite 
possible that the rule of mutual exclusion operates. In any case there is strong 


evidence that the molecular symmetry is high. 


= © ‘ 
OrCs - > O=C=N-Si-N=C=0 
N 
Cc 
6- 
(b) Ce, (c) (6)0,, 


for Su NOO), Voedel« b. and d ar planar In and means 
above amd below the plamn of thw paper 


Kinked” tetrahedral models. In our consideration of various molecular models. 
let us start with “kinked” structures—that is structures in which the Si—N -C —0 
groups are bent at the nitrogen atom. One has a strong inclination to arrange the 
nitrogens tetrahedrally around silicon. The most symmetrical kinked structure of 
this sort which we can conceive is shown in Fig. 2(a). It has symmetry D,,. Some 
predictions about the fundamental frequencies of such a molecule are summarized 
in Table 3, together with the corresponding observations. It is seen that the 
predictions are so different from the observations that this model can be rejected 
immediately. Any other kinked tetrahedral model will have even lower sy mmetry, 
and the discrepancies will be even worse. An S, structure will be discussed briefly 
later 

True tetrahedral model be The obvious next choice is to assume linear 

NO groups and a truly tetrahedral structure. The fundamental vibrations 


example, KR. Nowwen, Chemistry of Organic Compounds p. 316. Saunders, Philadelphia 
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and assignments for this model are summarized in Tables 3 and 4. (Herzpera’s 
conventions are used throughout this paper [13].) 

A suggested assignment for the 7’, structure is given in Tables | and 4. It is 
readily obtained as follows. The vibrations of species a, are Raman-active and 


Table 3. Predictions vs. observations for M(NCO) 
4 


Theory Observed 
Si(NCO), Ge(NC( 


No. of polarized Raman lines j j 4* 
No. of Raman-active fundamentals 23 «(2 10-11 
No. of infrared-active fundamentals j j : ‘ { 5 ~s 


No. of Raman-infrared coincidences j j 3-7 


* The 436 em~' Raman line is probably Hg 4347 A 492 em~', and should not be counted. On the 
other hand one of the lines in the 2200-2300 em~! region is surely polarized, but is too weak to be 
measured, Thus there are four polarized lines in all. 


of M(NCO), (tetrahedral model) 


Assignment 
Activity No. Schematic descript ion 


17 Rip), NCO pseudo anti svi. stretch, in 2: 2304 
phase 
NCO pseudo sym. stretch, in phase 1432 
: sym. stretch 492 
Ridp), M—NCO deformation A* 618 
M—NCO deformation B* 
MN, deformation 
M—NCO deformation A* 
M-——-NCO deformation B* 
Ridp), l { NCO pseudo anti-sym. stretch, out- 
of-phase 
NCO pseudo sym. stretch, out-of phase 
MN, degenerate stretch 
MNCO deformation A* 
MNCO deformation B* 
MN, deformation 


* Deformation A involves a bending Si 


Deformation B involves a bending Si 
polarized; the frequencies are surely 2347, 1474, and 494 cm~'. Since species /, is 
the only one which is infrared-active, the strong infrared bands at 2284, 1482, 
727, 608, and 338 (m) presumably belong there. This gives five of the six values. 
The only other possibility in the infrared spectrum for the sixth frequency is 542 


13) G. Heazeenc, Infrared and Raman Spectra. Van Nostrand, New York (1945). 


USS 


Dyq Se 
Table 4. Fundamental vibrations ee 
species 
—N—C—O. 


cm but this is questionable. (The bands between 1000 and 1250 em~' are not 
in the correct range for a fundamental.) Finally, the ¢ species is only Raman-active. 
Lines at 619, 291, and 251 provide the three needed frequencies 

The main difficulty with this model is quickly seen. The six f, fundamentals 
are allowed to be both infrared and Raman active, vet only one of the five strong 
infrared bands (2284 cm~') has a Raman counterpart. (We question even this, for 
the Raman frequency is 8em~' away. The Raman band at 1474 cannot be paired 
with 1482 em~' because it is polarized and therefore is an a, fundamental.) One 
thus has the problem of understanding why the other four Raman counterparts are 
not observed. Is it an accident of nature that their polarizability change is very 
small’ We do not know. In all other respects the 7’, model is quite satisfactory. 

For tetrahedral molecules the depolarization ratio of the totally symmetric 
Raman lines should be exactly zero. We have considered using this as a further 
test. but have decided that the measurements would not be sufficiently accurate 


to give an unambiguous answer. 

The model of Goubeau et al. \4)\. These authors interpreted their results on the 
basis of pseudo 7, symmetry. They concluded that, * Disregarding the one probable 
splitting 166/185, the observed spectrum can be completely interpreted under the 


assumption of a pseudosymmetry 7',, a fact which indicates a spreading of the angle 
si—N—C'O, but does not absolutely demand a completely extended angle.” We 
did not find either the 166 or 185 em~' Raman line, and believe them to have been 
false. With these obstacles removed, we find good evidence for a true 7’, symmetry 
and for linear Si--N=—C—O groups—a conclusion which GouBgav et al. were very 
near but hesitated to draw 

Planar models, Inasmuch as the spectrum seems to follow the rule of mutual 
exclusion, we have also considered structures which might satisfy this requirement. 
Only ones possessing a center of symmetry need be considered for Si(NCO),. The 
only feasible structures we have been able to think of are the following planar ones: 

(a) Planar, kinked symmetrically at the N’s. [Fig. 2(b). C,,] 

(b) Planar, rectangular. [Fig. 2(c). D,,] 

(c) Planar, square. Fig. 2(d). 
The first two can be quickly eliminated (see Table 3, for example), but the third 
perhaps deserves a further word. Table 5 contains a description of the fundamental 
vibrations and a tentative assignment for the square planar model. There are 
many arbitrary detai!s in the assignment, and a discussion is not worth while. How- 
ever, the only point in favor of this structure is that it does not require infrared- 
Raman coincidences. On the other hand there are two problems with it: 

(1) A completely novel coordination around silicon must be postulated. 

(2) Seven infrared-active fundamentals are expected to be below 800 em~'!, but 

only four bonds are found there. 

All in all, this model is not satisfactory. 

Conclusions concerning Si(NCO),. The molecule is definitely an isocyanate, not 
a cyanate. The spectrum is most compatible with a tetrahedral model, and we 
believe that this is the actual structure. It follows that the SiNCO groups are linear. 

The finding of linear SiN C—O groups is perhaps the most important result 
of this study. Presumably they are the result of the p_d_ bonding—that is, of 
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the “unshared” pair of electrons on nitrogen bonding to silicon through the empty 
3d orbitals of the latter. Such additional bonding could well change the hy bridiza- 
tion around nitrogen and result in a 180° bond angle. This can be made reasonable 


by writing the valence bond structure as 


In this representation the nitrogen atom is isoelectronic with carbon, and N 


would be expected to be linear by analogy with C=. A similar result should be 
found when an isocyanate group is attached to Ge or P, since they too have suitable 
d orbitals available. This has led us to study such compounds, and we shall report 
on two phosphorus derivatives in a later paper. With carbon in place of silicon, the 
necessary 2d orbitals are not available, and the C-NCO system should be sent—as 
indeed is the case with CH,NCO 1). 

There is of course a considerable body of other evidence for d-orbital bonding 


Tentative 
Schematic description 
assignment 
NCO pseudo anti-sym. stretch, in phase 2347 
NCO pseudo sym. stretch, in phase 1474 
Si-N sym. stretch 494 
SiNCO deformation A, i.p. 
SiNCO deformation B, i.p. 
SiNCO deformation A, o.p. 
SiNCO deformation B, o.p. 
SiNCO deformation C, O.p. (umbrella) 
{(dp), ( NCO pseudo anti-sym. stretch 2276 
NCO pseudo sym. stretch (1474) 
stretch 619 
Ridp), ; SiNCO deformation A, i.p. 546 
SiNCO deformation B, i.p. 441 
SiNCO deformation C, i.p. (scissoring) 396 
SiNCO deformation A, o.p. 
SiNCO deformation B, o.p. 
SiNCO deformation C, o.p. 
{(dp), SiNCO deformation A, o.p. 
SiNCO deformation B, o.p. 
NCO pseudo anti-sym. stre 
NCO pseudo svm. stretch 
SiNCO deformation A, i.p. 
Si—-N stretch 
SiNCO deformation B, i.p. 
SiNCO deformation C, i.p. 


in plane, 
out of plane. Deformation A involves a bending Si 


used twice. ‘ 


Deformation B involves a bending Si 


Deformation C involves a bending Si 
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to silicon [14]. There is also some precedence for a linear Si—N=C=O group; 
namely, the heavy atom skeleton in H,SiNCS is claimed to be linear because 
of the strong-weak-weak intensity alternation in the perpendicular infrared band 
near 950 em~![15]. We should have liked to study H,SiNCO to pursue this analogy, 
but attempts to prepare it are reported to have been unsuccessful [16]. There is 
one important difference between the d-orbital bonding in H,SiNCS and in 
Si(NCO),. In the former molecule only one nitrogen atom is present. In the latter, 
four nitrogen atoms are attached to the silicon, and each has an extra pair of 
electrons available. It is significant that the silicon orbitals can accommodate all 
of these electrons to a sufficient degree to cause all four Si—N—C—O groups to be 
linear. To our knowledge, there is no prior example of d-orbital bonding which is 
so effective with so many attached groups. It would be an interesting theoretical 
problem to see whether the 3s, three 3p, and five 3d orbitals’ of silicon can 
accommodate sixteen electrons and give a stable tetrahedral configuration. 

We do not know of structural work on any other isocyanates except HNCO and 
CH,NCO [1]. Results are available for several other isothio-cyanates, but they are 
conflicting. HNCS [17] and CH,NCS [18] are definitely bent, in agreement with 
the corresponding isocyanates. The infrared and Raman spectra of several silicon 
isothiocyanates, including Si(NCS),, have been studied by Gousgrav and REYHING 
[19]. They conclude that there is some tendency to open the Si—N=-C=S angle, 
but do not postulate a linear system. However we are repeating the work on 
Si(NCS),, and do not get good agreement with their data. 

The [Co(NCS),]~ ion in K,Co(NCS),.4H,0 is claimed to have 8S, symmetry; the 
N's are arranged tetrahedrally around Co and the Co—N—C=S groups are bent 
at the N’s [20]. We have considered symmetry 8, for Si(NCO), (see Table 3); its 
selection rules are far too lax to fit the observations. On the other hand the complex 
ion in ammonium reineckate, NH,{Cr(NCS),(NH,),].4H,O has the —-NCS groups 
along the diagonals of a square, with Cr at the center and with the two NH,’s above 
and below the plane of the square (D,, symmetry) [21]. Apparently, then, M—NCS 
can be linear in some cases and bent in others. There is a need to establish the 


structures of more isocyanates and isothiocyanates to provide the basis for some 


generalizations. 


Ge( NCO), 

To obtain further experimental support for our conclusion of 7’, symmetry 
for Si(NCO),, we have also studied Ge(NCO),. There is a serious obstacle to the same 
structure for it. 


[14) F. G. A. Stowe and D. Seyrerrna, J. Inorg. Nuclear Chem. 1, 112 (1955). 

(15) A. G. MacDiarmip and A. G. Mappock, J. Inorg. Nuclear Chem. 1, 411 (1955). 

{16} A. G. MacDrarnip, J. Inorg. Nuclear Chem. 2, 88 (1956). 

[|17| G. C, Douwsmants, T. M. Sanpers, Jr., C. H. Townes and H. J. Zeiger, J. Chem. Phys. 21, 1416 
(1953). 
(a) S. SrecaL. Thesis, Harvard University (1959). 
(b) C. I. Bearp and B. P. Dattey, J. Am. Chem. Soc. 71, 929 (1949). 
J. Gouseav and J. Reyure, Z. anorg. u. allgem. Chem. 294, 96 (1958). 
G. 8. Zpanov and Z. V. Zvonxova, J. Phys. Chem. (U.S.S.R.) 24, 1339 (1950); Cited in Tables of 
Interatomic Distances and Configuration in Molecules and Ions, M-158. The Chemical Society, 
London (1958). 
Y. Sarro, V. Takevucni and R. Peprysky, Z. Krist. 106, 476 (1955). Cited in Tables of Interatomic 
Distances and Configuration in Molecules and Ions, M-158. The Chemical Society, London (1958). 
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The vibrational spectra and structure of Si(NCO), and Ge(NCO), 


The observed spectrum is given in Table 6 and Fig. 1. It has many similarities 
to that of Si(NCO),, and particularly is quite simple. On the other hand there are 
important differences. Ge(NCO), has five infrared bands of good intensity below 
750em~!, whereas Si(NCO), has only three. Ge(NCO), has an extra polarized 
Raman line at 670 em-', which furthermore coincides with an infrared band 


Table 6. Raman and infrared spectra of Ge(NCO), 


Raman Infrared T , model 


Int. Int. Assignment Symmetry 


Hg 4347 A — 492 435 


"4 
Vine 
{1426 — 214 1212 
« 608 1216 


"10 


~ 


2759 ‘ 259 + 2247 

2914 2247 2919 

2993 , sh 259 + 492 + 2247 2998 
$3445 528 618 2304 3450 
3574 , sh j08 672 + 2304 3584 
3645 2 672 2304 3648 
3728 vw, sh 1426 2304 3730 


wre ww wt 


p = polarized; w weak; m medium; s = strong; v very; sh = shoulder. 

* CC, solution. 

¥ Polarization of 670 is an objection. 
at 672 cm~'. Also there seem to be more coincidences than for Si(NCO),. Some 
possibilities are 252-259 (?), 436-438, 524-528, 670-672, 1218-1213, 1432-1426, 
and 2237—2247 

If one temporarily overlooks the polarization of the 670 cm~' line, the fre- 
quencies can be assigned to a tetrahedral model in a very satisfactory way. This 
is shown in Tables 4 and 6. Table 4 shows the close similarity between the assign- 
ments for Si(NCO), and Ge(NCO),. The only other serious problem is how to ex- 
plain the 198 em~! infrared band. This band seems too intense to be due to an 
impurity; it cannot be a difference tone because it was observed at about 90°K.; 
and it certainly cannot be a summation tone. To make it a fundamental, another 
infrared-active frequency would have to be eliminated from Table 4. The only 
appealing possibility is 672 cm~'; if this and its Raman counterpart were really 
due to an impurity, all objections to 7, symmetry would be removed. 


QS7 


198 m ? 
214 4 dp Ve e 
252 dp Vs e 
259 
438 vvw, sh ? i 
492 10 Vg ay 
524 3 dp 528 Vs Vig te : 
618 2 e 
670 3. op 672 m Se 
~1218 l 1213 F, 
> F, 
1426 = fs 
Jlie 1432 ay 
17 2237 
961 2247* VVs \"9 Sa 
»* 
2304 l 
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Unfortunately the polarization of the 670 em~! line cannot be overlooked. 
There is absolutely no doubt that the line is strongly polarized; duplicate measure- 
ments confirmed this. It cannot be explained as a combination of other observed 
frequencies, although conceivably one of the two inactive fundamentals might be 
involved. Thinking that the line might be due to an impurity, we made strenuous 
efforts to purify the sample. A small sample which corresponded to the center of the 
broad peak obtained on the vapor phase chromatogram was collected and was 
found to have an infrared spectrum identical with that of the bulk sample. The 
sample was therefore distilled at 27 mm pressure in a small fractionating column 
having perhaps five plates. The Raman line and the infrared band were still present 
with undiminished intensity. Finally the sample was crystallized very slowly until 
half of it was solid. There was too little to obtain a Raman spectrum, but a com- 
parison of the infrared spectra of the liquid and solid portions again showed no 
change in the intensity of the 670 band. These experiments have convinced us 


that the 670 em~! frequency belongs to Ge(NCO),. 

We cannot find any reasonable point group which explains the observed spec- 
trum. It is now our belief that the molecule is approximately, but not strictly, 
tetrahedral. It is close enough so that the 7’, selection rules are dominant in con- 
trolling the spectrum, but a deviation of some sort—possibly a slight kinking of 
the Ge—N—C=0 groups— produces the polarized 670 Raman line. 

There is one other very simple piece of evidence which also indicates a different 
structure for Ge(NCO), than for Si(NCO),. If the two molecules had the same 
symmetry, it would be expected that both the melting point and boiling point 
would be higher for Ge(NCO), than for Si(NCO),. (The difference would be due 
almost entirely to the higher molecular weight of the germanium compound, be- 
cause the intermolecular forces and the packing in the solid would be closely the 
same for the two compounds.) Actually Ge(NCO), does have the higher boiling 
point, but it has the lower melting point, and therefore a wider liquid range. 


m.p b.p. 


SiNCO), 
Ge(NCO), s 204 


This is just what would be expected if Ge( NCO), had a lower symmetry. We 
therefore take these data to imply a different structure for the two molecules. 


Other studies 


X-ray diffraction 


Because the spectroscopic work indicates novel structures for these two mole- 
cules, it is desirable to check the results by other methods. The logical ones are 
electron diffraction and X-ray diffraction. One of us (G. L. C.) has attempted the 
latter with the kind cooperation of Dr. Gorpon 8S. Smrru of Mellon Institute. 

A single crystal of Si(NCO), was grown by sealing the sample in a thin-walled 


glass capillary (0.15 mm diameter) and alternately freezing and melting it at 20°C. 
Single crystal photographs were taken at 20° and —60°C with CuKz radiation. 
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The vibrational spectra and structure of Si(NCO), and Ge(NCO), 


At 20°C the crystal was found to be triclinic (space group P| or Pl). From the 
dimensions 

c 12.865 A _ 10.65 A _ 5.94A y* = 86 


it was established that there are four molecules per unit cell. This would require 
a density for the solid of 1.60 g/cm*., which seems reasonable since the value for 
the liquid is 1.411 g/em*. 

Upon cooling to —60°C the crystal underwent a phase change which was found 
to be reversible, and which can formally be considered as a doubling of the repeat 
distance. Unfortunately considerable cracking of the crystal also occurred, and 
we did not pursue the low temperature study. 

These findings convinced us that the structure determination of Si(N( ‘O), by 
X-ray diffraction would be a formidable problem, and the study was abandoned. 

Ge(NCO), supercools very badly, and although several attempts were made, 
a good single crystal could not be grown. The main difficulty was that the column 
of liquid in the capillary separated into severa] small droplets on cooling, probably 
due to a surface tension effect. 


Ultraviolet spectra 

Ultraviolet absorption spectra of Si(NCO), and Ge(NCO), in iso-octane solution 
were obtained. At concentrations up to 30 g/l. both compounds were found to 
be transparent down to the cut-off point of the solvent (about 2200 A). 
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Attempts to prepare Sn(NCO), and Ti(NCO), 
Because of the divergent results which are indicated for Si(NC(¢ )), and Ge(NCO),, 
it would be interesting to study some other four-coordinated isocyanates. Several 


attempts were made to prepare the tin and titanium compounds, using the same 
general reaction described earlier. No reaction was noted when either SnCl, or 
TiC], was added to a benzene slurry of powdered AgNCO and refluxed. Several 
unsuccessful modifications of the general procedure were tried for the tin com- 
pound, These included (a) increasing the reflux time up to 15 hr with vigorous 
stirring, (b) using toluene in place of benzene to obtain a higher reflux temperature, 


and (c) using SnI, in place of SnCl,. The reaction was also attempted using nitro- 
methane, Ansul ether 121 (ethylene glycol dimethy! ether), and ethyl bromide as 
solvents, because ANDERSON had been able to prepare P(NCO), in nitromethane 
when the reaction had not gone well in benzene [22]. His observation suggested 
that the dielectric strength of the solvent may be a factor. No reaction was noted 


in ethyl bromide, and use of solvents containing oxygen resulted in a ‘polymeric’ 


product which we feel is due to complexing of the solvent with SnCl, [23]. 
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Introduction 

INFRARED spectroscopy has played a major role in elucidating the structural 
features of a large number of acetylenic compounds [1-6]. Absorption bands in 
the 3300 and 2100 em~ regions have been well established as being characteristic 
of terminal and internal triple bonds. In the region of lower frequencies, bands 
occurring between 650 and 600 em~! have been assigned to =C-—H bending 
vibrations. A detailed study of the lower frequency bands in the spectra of acety- 
lenie compounds has been published recently by Nyquist and Ports [5]. The 
first overtone of =C—H bending vibrations has been assigned to the region between 
1270 and 1220 em~'[1, 5}. 

To date no report has appeared on an infrared absorption between 1336 and 


1325 em~' which may be observed in molecules containing a —-CH,—C=C 


linkage. The low intensity of this band compared with that of bands arising from 

C—H and C=C stretching vibrations, together with the fact that compounds 
containing multiple triple bonds may not be generally available, might account for 
the fact that it has not been discussed in the literature. 

In the course of examining a large number of acetylenic compounds it was 
observed that a weak band between 1336 and 1325 em~ in the spectra of monosub- 
stituted acetylenic compounds became quite strong in the spectra of polyynes. 
It soon became apparent that this band occurred in compounds containing at 
least one —CH,—C =C— linkage. In compounds which did not have this linkage 
the band did not appear, nor did it appear in compounds of the type A—-CH,—C 
(—B in which A was a hydroxy group or a halogen atom, and B was a hydrogen 
atom or a methyl group. The origin and intensity of this band will be discussed. 


Experimental 

Some of the compounds examined were prepared in the Research Department 
of this company. A report on the preparations, elementary analyses and properties 
has been published [6]. Some compounds were obtained from outside sources. All 
the compounds were examined in CCl, solutions using 0-1 mm cells on a Perkin— 
Elmer 21 Spectrophotometer, equipped with NaCl optics. The results are given 
in Tables 

* Presented at the Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy, 
Pittsburgh, Pennsyvivania, 27 February to 3 March 1961 

N. SHerrarp and D. M. Simpson, Quart. Revs. (London) 6, 1 (1952). 

N. SHerparp, J. Chem. Phys. 17, 74 (1949) 

J. H. Wort and F. A. Miiier, J. Am. Chem. Soc. 71, 3441 (1949). 

J. H. Worrz, F. A. and R. J. Patcnak, J. Am. Chem. Soc. 72, 5055 (1950). 
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Discussion 

The band observed in the 1336-1325 em~! region occurred in acetylenic com- 
pounds containing an aliphatic chain adjacent to a C=C group. It cannot origin- 
ate from a C=C bond since the force constant of this bond is three times that of a 
(—C bond. Thus, C=C groups would not give rise to vibrations in this region. 
It cannot be attributed to an overtone of a =C—H bending vibration since it 
occurs in disubstituted and cyclic acetylenic compounds. It is not considered to 
be the stretching mode of a C—C linkage next to a C=C bond, because such a 
vibration has been shown to occur near 900 em~! [5] and would be sensitive to the 
nature of its surrounding {1}. Therefore, the tentative conclusion may be drawn 
that this band has its origin in a particular vibrational mode of a —CH,— group 
adjacent to a C=C group. The evidence accumulated thus far is as follows: 

(A) The band appears in the spectra of compounds such as alkynes, diynes, 
triynes and tetraynes regardless of whether they are linear or cyclic (Tables 1-5). 
It is evident that each of these compounds contains at least one methylene group 
adjacent to the C=C bond (Fig. la, b, c, d and Fig. 2a, b). 

(B) The band appears in the spectrum of 1,8-cyclotetradecadiyne |Fig. 2(b)], 
for example, but upon hydration [Fig. 2(c)] or hydrogenation |Fig. 2(d)] it dis- 
appears. This indicates that when the triple bond is eliminated the methylene 
group does not show this band. 

(C) Neither ethyl propiolate Fig. 3(a)] nor 2-methyl-2-acetoxy-3-butyne | Fig. 
3(b)] exhibits this band, since there is no methylene group attached to the C=C 
bond. 

The band is not found in such compounds as | ,4-dichlorobutane [ Fig. 4(c)| 
which is the starting material for most of the polynes examined. Again, the band 
is not observed in the spectrum of bis(4-iodobutyl) ether [Fig. 4(a)], but is evident 
in the spectrum of the product, 1,12-dioxa-6,17-cyclodocosadiyne [Fig. 4(b)], 


showing that these polymethylene derivatives exhibit the band only after replace- 


ment of chlorine or iodine atoms by the C=C group. 

(E) The intensity of the band seems to be related to the proportion of —CH, 
(‘==C— groups present in the molecule. For example, in hexyne-! (Fig. la), in 
which there is only one —-CH,—C=C— group, the band is weak. Its intensity 
increases as we progress through diyne to tetrayne (Fig. 1b, c and d). In each case 
the intensity of the band is compared with that of the —CH,— bending vibration 
in the 1470-1440 cm~! region. 

Having been led by the foregoing observations to the conclusion that the 1336 
1325 em~ absorption has its origin in some bending vibration of a CH,— group 
adjacent to a C=C group, we may now consider which mode is the most probable. 

An isolated methylene group attached to a heavy framework has been shown 
to have four bending modes [7]. These modes are: scissoring, wagging, twisting 
and rocking. 

The methylene rocking vibration usually occurs near 720 em~ [8], and since 
this is much lower than the absorption region of the band characteristic of a 

CH,—C=C group, the rocking mode would appear to be ruled out. 


17) N. SHerrarp and D. M. Simpson, Quart. Revs. (London) 7, 19 (1953). 
[8] R. N. Jones and C. Sanporry, Technique of Organic Chemistry, Vol. IX, p. 344. Interscience 
New York (1956). 
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Spectra in CCl, solution of; 


g. 1 


7 -octadiyne, 


Transmiss 


1:7:13-tetradecatrivne, 
H CH,), C—(CH,), 


(¢) 1:7:13:19-eicosatetrayne, 
H—C==C—(CH,) ,—_C==C—(CH,), 
C—(CH,) ,—C=C—H. 
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6 
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Fig. 2. Spectra in C( 1, solution of: 


%o 


(a) hexyne-2, CH, CH,CH,CH, 


Transmission 


(b) 


ronsmission 


(c) 1:8-cyclotetradecanedione, 
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Fig. 3. Spectra in CC], solution of: 


'300 
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(a) ethyl propiolate, H 


Transmission, 


Yo 


(b) 2-methyl-2-acetoxy-3-butyne, 


CH, 


Transmission, 
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lable 1. The --CH,-—-C==C— frequency of alkynes 


CH,—C=C 
No. Molecule frequency 
(em!) 
CH,CH,CH,—_C=C 1330 m 
CH,(CH,),—C=C 1330 m 
CH,(CH,), } 1330 w 
CH,(CH,), 1330 w 
CH,(CH,),—C 1330 w 
CH,(CH,), 1330 w 
CH,(CHg), } 1331 vw 
Cl(CH,)s—C=C ? 
( 


(CHg), 1330 m 
Br ‘H, C=C absent 
HOCH,CH, 1326 w 


weak m medium 
strong, vs very strong 


cm-! 
° o ¢ C o re) 
o ¢ - - - = 
70 \ oO 
5¢ | | | | —CO=C—C—OC,H, 
0 | } | 
2c 
OF (a) 
2 3 - 5 6 7 6 9 10 
00 
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60 | | af 
se CH,—C—C=C—H 
40 
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Fig. 4. Spectra in CCl, solution of: 
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(a) bis(4-iodobutyljether, 
I—(CH,),—O—(CH,),—I 
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(b) 1:12-dioxa-6:17-cyclodocosadiyne, 
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(c) 1:4-dichlorobutane, Cl—(CH,),—Cl 
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(d) 1:10-dichlorodecyne, 
Cl(CH,) ,—C=C—(CH,) ,CI 


Transmission, 


5 6 7 
Wavelength, 


100 
80 
70 
50 
40 
30 
20 
1OF (a) 
Ok 
2 3 4 sy 7 3 10 e 
100 
90F 
70 | 
1335em 
50 
| 
40} 
20 
- OF (b) 
1 7 2 3 4 5 Me © 7 8 3 10 : 
961 oc 
30 
ac 
| \ 
7C 
60} 
$0 
40 
30 
20 
(c) 
0 
2 3 4 5 a ® 7 ~ 3 10 : 
100 
90F 
80 
70 
60 
| 
40 
30+ 1335 
cm 
20 
995 


Mannion and T. 8. WANG 


frequency ot diy nes 


Molecule 


CH,—C=C 


frequency 

(em!) 
1330 m 
1330s 
1330 m 
1330 m 
1336 m 


medium 


strong 


frequency of triynes and tetraynes 


Molecule 


CH, 
frequency 
(cm 1) 
1331 Vs 
1331s 
1330 vs 
1330 s 


strong 


very strong 


lable 


4) 
4, 


“ 


4. The 


frequency of disubstituted alkynes 


2/3 


Molecule 


CH,—CH, 
CH,CH,CH, 
CH, H, 
CH,OH 


CH,),—CH,OH 


C—(CH,) 


(CH,),CH, 
(CH,), 


CH,CH, —-C=C—(CHy), 


CH,CH,—C 


CH,OH 
(CH,),CH,OH 


CH.—C=C 


frequency 


(em 1) 


1316? vs 
1336 m 
1330 m 
absent 
1333 w 
1335 s 
1328 s 
1330 vs 
1331 m 
1329 m 


1329 m 


weak 


s strong vs 


medium 
very strong 
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The methylene scissoring vibration is internal in type and occurs in the narrow 
range of 1470-1440 cm~' [7]. It is usually an intense band in the infrared spectra 
of hydrocarbons. Since all the compounds examined show a strong band in the 
1470-1440 cm~! region the band in the 1336-1325 cm~- range definitely is not 
caused by a methylene scissoring vibration. 


Table 5. The CH, C ; frequency of cyclic alkynes 


CH,—C=C 
No. Molecule frequency 


(em 1) 


1332 vs 


(CH,), 


medium 
very strong 


The methylene twisting vibration has been reported over a somewhat wider 
1 


frequency range. SHEPPARD [7] assigns the band at 1278 em 


in propane to a 
twisting vibration. In a study of n-paraffins, Brown et al. [9] report —CH, 

twisting vibrations near 1299 em~ for trans n-butane. Brown and SHEPPARD also 
assign bands as low as 1171 and 1095 cm~! to methylene twisting vibrations in the 


6) J. K. Brown. N. SHepparp, and D. M. Simpson, Discuss. Faraday Soc. 9, 261 (1950). 
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Fig. 5. Spectra in CCl, solu- 
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spectrum of dibromobutane [10]. In very few instances has a —-CH,— twisting 
vibration been assigned to bands higher than 1300 cm~!. It appears most likely 
that the high frequency limit of the —CH,— twisting distribution occurs near 1300 
cm~'{11]. It seems unlikely, therefore, that the band in the 1336—1325 region is a 
twisting vibration. 

The —CH,— wagging mode usually occurs at higher frequencies than does the 
twisting mode {7, 9]. This has been confirmed by the calculations of Sreranoy [12]. 
In propane, SHEPPARD assigns a band at 1336 cem~! to a —CH,— wagging mode [7] 
and Brown [9] make the same assignment for a band as high as 1350 em~ found 
in trans n-butane. 

In the light of the above consideration, a —CH,— wagging vibration seems to 
offer the best explanation for the origin of the band observed in the compounds 
examined by us. There are also other considerations which will be discussed in 
subsequent paragraphs. 

In saturated hydrocarbons where only C—C and C—H vibrations are involved, 
the wagging mode is usually not of too much diagnostic value because of variable 
frequency and low intensity. Hence, spectroscopists are understandably reluctant 
to make such assignments for this mode in complex molecules. However, there are 
situations in which a mode can be expected to occur in narrow ranges and to show 
considerable intensity. For example, in a saturated hydrocarbon the absorption 


band at 1340 cm~' originating in a ‘—H bending vibration is usually weak. 


But if an oxygen or nitrogen atom is adjacent to it, a considerable increase in 
intensity occurs [13]. The intensity of the absorption band arising from —CH, 
scissoring is also increased if it is adjacent to a carbonyl group [14, 15]. There are, 
no doubt, many other examples of the effect upon an absorption band of its 
surroundings. 

In the molecule A—(CH,),—-C =C—-B where » is greater than 1, it is apparent 
that one —-CH,— group is confined on one side by the remaining —CH,— groups 
and on the other by a —C=C— group. This situation occurs throughout the 
series of compounds exhibiting a band in the range of 1336-1325 em~!. It would 
seem that this is a result of the similar surroundings of the —-CH,— group through- 
out the series. 

The intensity of the —CH,— wagging absorption band is usually weak, as 
mentioned above. However, when attached to a C=C group, it might be expected 
that it would be affected directly by such a highly unsaturated group and particu- 
larly that it might come under the influence of the inductive effect of the C=C 
group [16]. Such an effect transmitted from the C=C group to the electrons of an 
adjacent tetrahedral carbon atom will produce polarization along the —C—C =( 
axis [5]. This will result in an increase in the dipole moment of the C—H bond. 
[10| J. K. Brown and N. SHepparp, Discuss. Faraday Soc. 9, 144 (1950). 

[11] N. SHeprarp, Advances in Spectroscopy Vol. 1, p. 324. Interscience, New York (1959). 

(12) B. Svepanov, Acta Physicochim., U.R.S.S. 22, 238 (1947). 

13) L. J. Bettamy, The Infrared Spectra of Complex Molecules p. 21. John Wiley, New York (1958). 
14| L. J. Bettamy, The Infrared Spectra of Complex Molecules p. 23. John Wiley, New York (1958). 


15) S. A. Franets, J. Chem. Phys. 19, 942 (1951). 
16] W. J. Ports and R. A. Nyquist, Spectrochim. Acta, 9, 679 (1959). 
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Since the —-CH, wagging vibration is external in type [7] an increase in dipole 
moment might contribute to a change in intensity of the absorption band. A 
further contribution might come from an interaction of the dipole moment of the 
(—H bond with that produced by the z-electrons of the C=C group. 

The foregoing explanation may also be applied to cases where the band in the 
1336-1325 em~! region is not observed in certain types of acetylenic compounds, 
such as propargy! derivatives. In molecules of the type A—CH,—C=C—CH or 
A—CH,—C =C—B, A may be either an electron-donating or an electron-attract- 
ing group. Either would disturb the electron arrangement of the —CH,—C=C 
linkage. There is also the possibility that the —CH,— wagging mode may couple 
extensively with different modes of vibration arising from group A. Thus, in the 
compounds [Fig. 5(a)] and CH,—C=:C—-CH,—OH Fig. 5(b)], 
no band in the 1336-1325 em~! region is observed. However, a band is observed in 
this region in the spectra of compounds such as CH,—C==C—(CH,),CH,OH [Fig. 
d(e)), H—C=2C—CH,CH,OH [ Fig. 5(d)]}, and Cl(CH,),—C =C—(CH,),C1 Fig. 4(d)]. 
It is apparent that the —CH,— group adjacent to the C=C bond in these com- 
pounds is insulated from the effect of the hydroxy group or chlorine atoms by 
intervening —-CH,— groups. 

As a result of our observations, we therefore believe that the band appearing 
in the narrow range of 1336-1325 em~' can be of considerable diagnostic value to 
spectroscopists working with large molecules containing acetylenic linkages, par- 


ticularly when absorption bands usually used for identification of the C=C group 


are so weak as to be barely detectable. 


icknowledgement —Many of the acetylenic compounds examined were prepared by the chemists 
of the Research Department of the Diamond Alkali Company uader the direction of Dr. Joun 
H. Wortz. The authors wish to express their appreciation for the helpful discussions they have 


had with him and his co-workers 
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Infra-red spectra of some nitrates and toluene-p-sulphonates 
of D-mannose 


D. M. W. Anperson, G. O. Asprxaty, J. L. Duncan and J. F. Smirx 
Department of Chemistry, The University, West Mains Road, Edinburgh, 9. 


(Received 31 May 1961) 


Abstract—The spectra of twelve nitrate and toluene-p-sulphonate derivatives of D-mannose 
have been examined and the characteristic absorption bands of these compounds are recorded. 


Introduction 

GUTHRIE and SPEDDING [1] have tabulated and discussed the characteristic infra- 
red absorption bands of a number of carbohydrate nitrates and sulphonates, and, 
recently CARRINGTON [2] published the spectra of a large number of organic nitrates. 
We now report the characteristic absorption bands given by a number of deriva- 
tives of D-mannose which were available for study. By virtue of their method of 
preparation [3], the D-mannopyranose rings in these compounds are held in either 
the Cl or 1C conformations, as respectively represented diagrammatically by (a) 
and (b) below. 


Experimental 


The compounds were prepared by AsPINALL and Zweire [3]; (unpublished 
syntheses for compounds 3, 4 and 5). A Hilger H800 double-beam infra-red 
spectrometer with rock-salt optics was used to record the spectra as Nujol and 


hexachlorobutadiene mulls and as dilute solutions in chloroform. Calibration was 
effected using polystyrene film, and frequencies are believed accurate to +2 em~!. 


Results 
The characteristic frequencies found for the nitrate groups are given in Table 1, 
and those for the toluene-p-sulphonate groups in Table 2. The frequencies of each 
band fall within the ranges assigned by Gururie and Sreppine, although those 
for the nitrate group extend beyond the narrow limits quoted by CaRRINGTON [2] 


D. Gururie and H. Srepprne, J. Chem. Soc. 953 (1960). 
A. G. Carrixneton, Spectrochim. Acta 16, 1279 (1960). 
and G. Zweiret, J. Chem. Soc. 2271 (1957). 
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for a series of linear and cyclic aliphatic nitrates. In the series of toluene-p-sul- 
phonates, only the most intense band found in each of the regions ca. 1350 em~! 
and ca. 1180 em~! was considered due to the —-SO,— stretching frequencies and 
these are quoted in Table 2. This is in contrast to GuTurie and Srpeppixe who 
found two absorptions, usually intense, in each region for almost all their com- 
pounds. 

Bands I, II and II] of the nitrate group, (all of which are intense), identify its 
presence in the carbohydrate molecule, but bands LV and V are of little diagnostic 
value, due to their weak intensity and the multiplicity of bands in this region of 
the spectrum. The presence of two strong bands, of approximately equal intensity, 
one in each of the regions 1372-1337 em~! and 1185-1175 em~', in conjunction 
with a weak band at 1600 — 5 em~', identifies the presence of a toluene-p-sulpho- 
nate group in the carbohydrate molecule. The bands at ca. 820 em~! and ca. 670 
em~' are of limited value for this identification. 

It can be seen by reference to structures (a) and (b) and Table | that mannose 
nitrates | and 2 contain equatorial nitrate groups while 3 and 5 contain axial 
groups, 4 containing both an equatorial and an axial nitrate group. However, no 
correlation between the configuration of the group and its absorption frequency is 
apparent. Compounds 5, 8, 9, 10, 11 and 12 contain equatorial, and compounds 2, 
6 and 7 axial, toluene-p-sulphonate groups. Reference to Table 2 shows that the 
axial toluene-p-sulphonate groups exhibited asymmetric stretching frequencies 
10-20 em~! higher than those of the equatorial groups, although the symmetric 
stretching frequencies all fell within a very narrow range. On examination of the 
compounds in dilute (~0-01M) chloroform solutions, however, the asymmetric 
stretching frequencies were all found to fall randomly within the range 1372-1355 
em~!. It would appear, therefore, that the differences in the toluene-p-sulphonate 
absorptions must have been due to molecular interactions in the crystal lattice 
rather than to differences in the configuration of the groups in question. This is 
in agreement with the results of GuTHRIE and SPEDDING [1], from which no deduc- 
tions concerning the axial or equatorial configurations of toluene-p-sulphonate 


groups can be made. 
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The infrared spectra of some alkyl] thionitrites 


Rocer J. and Henry Moore 


tesearch Department, Liggett and Myers Tobacco Co., Durham, North Carolina 
(Received 25 May 1961) 
Abstract = Ethy!. n-propy! and isopropy! thionitrites were prepared by reacting the appropriate 
mercaptans with nitrous anhydride. The infrared spectra of these compounds, in their gaseous 


state, were obtained and assignments were given for most of the observed bands. Some com- 


ments are given concerning the structure of alkyl thionitrites. 


Introduction 


FRACTIONATION of gas mixtures collected during pyrolysis experiments revealed 
the presence of a bright red liquid which was identified as methyl thionitrite, 
CH,SNO [1]. This compound has been prepared by Be.w ef al. [2] who studied 
some of its properties. We have obtained its infrared spectrum in the vapor state 


and given assignments for most of the observed bands [3]. Since no data on the 
infrared spectra of such compounds could be found in the literature, other thio- 
nitrites, namely, the ethyl, n-propyl and isopropyl homologs were prepared and 
their infrared spectra investigated. 


Experimental 

The synthesis, purification and subsequent manipulations of the alkyl thio- 
nitrites were carried out in an all-glass, evacuated system. The method of pre- 
paration used for methyl thionitrite [3] was applied to its alkyl homologs. 
Nitrous anhydride (2m mole) was prepared from an equimolecular mixture of 
nitrogen dioxide and nitric oxide (both Matheson Company's gases) and made to 
react, at the lowest possible temperature, with the suitable mercaptan (4 m mole). 
All thiols were Eastman Kodak Company's C.P. products, except 2-propanethiol, 
which was a technical grade. All reactants were used without further purification. 
The crude synthetic thionitrites were purified by trap to trap distillation. Their 
infrared spectra were recorded, in the vapor state, on a Perkin-Elmer model 
21 spectrophotometer equipped with sodium chloride optics and an ordinate scale 
expander. Ten-centimeter path-length gas cells were used. 


Results and discussion 
Figs. 1-3 show the infrared spectra of the alkyl thionitrites investigated. The 
ethy! thionitrite spectra given in Fig. | were obtained at 20 and 103 mm pressures. 


Figs. 2 and 3 show respectively the spectra of n-propyl thionitrite at 20 mm 


Puitipre and H. Moore, Tobacco Science. To be published (1961 

F. L. Gacer, Jr... C. J. Varser and C. A. Hower, Southeastern Regional Meeting of the 
verican Chemical Society, Richmond. Virginia, 1959. 

Puicipre, J. Mol. Spectrosc. 6, 492 (1961 
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The infrared spectra of some alkyl thionitrites 


pressure and of the isopropyl isomer at 44 mm pressure. In Fig. 2 the spectrum 
of n-propyl thionitrite has been expanded five times in the 1500-650 em~ range. 

The normal alkyl thionitrite molecules have at best a single plane of symmetry 
and therefore belong to point group C,. For this type of molecular symmet ry [4] 


3000 2000 500 200 J00 800 
n 1 n 1 


ABSORBANCY 


Fig. 1. Baseline and infrared spectra of ethyl thionitrit 
of 20 and 103 mm, 


ABSORBANCY 


y 
Fig. 2. Infrared spectrum of n-propyl thionitrite obtained at 20 mm pressure. The 
absorbancy scale has been expanded five times from 1500 to 650 em-, 


ABSORBAN 


Fig. 3. Baseline and infrared spectrum of isopropyl thionitrite obtained at 44 mm pressure. 
the total number of normal vibrations is split into two species, symmetric and 
antisymmetric with respect to the symmetry element. Table | gives, for each 
normal thionitrite molecule studied, the total number of normal vibrations, their 


classification in symmetric and antisymmetric species, their proposed assignment 


[4] G. Herzperc, Molecular Spectra and Molecular Structure. Vol. 2 (9th Ed.) p. 134. Van Nostrand, 
Princeton (1960). 
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to the various molecular group vibrations and the approximate spectral range 
where the corresponding absorption bands may be expected. Due to the probable 
staggered configuration of the methyl groups, the isopropyl thionitrite molecule is 
assumed to have no symmetry and therefore belongs to point group C,. For this 
molecule, the total number of normal vibrational modes of the species A, as well as 
their proposed assignments and corresponding approximate frequency ranges are 


Table 1. Total number of normal vibrational modes of symmetric and antisymmetric 
species for some normal alkyl thionitrites assuming point group C, and of the unique 
species for the isopropyl compound, assuming point group C, 


CH,SNO C,H,SNO n-C,H,SNO iso-C,H,SNO 


Assignment 
104") 5A" Nodes | Modes 704° | 134 Modes 


3000-1500 CH atret 

stret 
1500-1350 CH, bend. asym 

CH, bend 

( H, bend 
1350-650 CH, bend 

CH bend 

CH, Ske l 


CH, rock 


Below 650 


l 
2 
l 


also given in Table 1. The selection rules for molecules belonging to point groups 
C, and C, allow all the normal vibrational modes to be active in their infrared and 
{aman spectra. The usual vibrational analysis involving the comparison of Raman 
and infrared spectra in the light of the symmetry selection rules would therefore 
be of little or no value. Moreover, no Raman spectra of thionitrites were found in 
the literature and it is probable that any Raman effect for these compounds will 
be difficult to observe due to their rapid decomposition by ultraviolet light. 
Despite this lack of information, it is possible to analyse the infrared spectra of 
alkyl thionitrites using the well known correlation data for group frequencies and 
by comparison with the spectra of closely related compounds. 

The infrared spectrum of methyl! thionitrite vapor has been reported earlier [3]; 
these data have been included in the following Tables and will be recalled whenever 
useful for comparison. Although all normal vibrations should be active in infrared, 
all were not observed in the spectra. Instrumental deficiencies, such as lack of 
resolution, prevented the identification of certain bands. Other bands, below 650 
em~! for example, could not be recorded due to the spectral range limitation of 
the instrument. For methyl thionitrite, eleven bands out of a total of fifteen 
(Table 1) should have been observed in the 3000-650 em ~! frequency range; however, 
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Frequency 
range 
em~! 
3 2 1 5 pis 7 4 3 7 
l l l l 
2 l l 2 1 l 2 l 1 4 
l l 2 2 
l l l l 2 
3 l 2 6 2 4 
2 
( ( stret. l l 2 2 2 
C—S stret l l l l 1 l l — 
N—S stret. l l 1 l 1 VULe 
C—C—C bend l 
CH,),C skel 10641 
C—C—S bend. l l l 
C—S—WN bend l l l l l 
S—N=O bend. l l l l l : 
( C tors l l 2 2 
C—S tors l l l 1 1 1 
S—N tors l l l 1 - 1 
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only eight out of these eleven bands have actually been detected. The same limi- 
tations apply, even to a greater extent, to the other thionitrites investigated. It 
may be anticipated that several absorption bands will be quite easily assigned to 
specific bond or group vibrations. These include the CH and N—O stretching 
vibrations and some of the CH bending vibrations of bonds non adjacent to the 
S—N=0 group. These classes of vibrations give rise to absorption bands restricted 
to narrow frequency regions and may be expected, as shown in Table 1, within the 
3000-1350 cm! frequency range. Less straightforward assignments are to be ex- 
pected for vibrations such as the C—S and N—S stretching, some of the CH 
bending and particularly those adjacent to the S—N—O group, the C—C stretching 
and all other skeletal vibrations. The less ambiguous assignments, given in Table 
2, will be reviewed first: 


Table 2. Assignments of fundamental frequencies of some alkyl] thionitrites 


Alkyl thionitrites and frequency (em 1) 
Assignments 


Methyl Ethyl n-Propyl Isopropyl 


CH, asymmetric stretching 3012 2976 2959 2959 
CH, asymmetric stretching 

(+CH,) 2933 2924 
CH, and CH, symmetric 

stretching 2907 2882 2874 
NO stretching 1534 1534 1534 
CH, asymmetric bending and 

CH, bending (scissor) 1430 1455 1464 1460 
CH, symmetric bending 1300 1385 1390 1375 


The CH stretching vibrations 

In aliphatic hydrocarbons these vibrations are responsible for absorption bands 
between 3000 and 2850 em~! [5]. Rather drastic changes in the environment of 
the CH bonds are necessary to appreciably shift these frequencies. The presence 
of an adjacent sulfur atom has been shown to have little or no effect [6]. Due to 
lack of resolution, only three bands were identified. The methyl asymmetric 
stretching vibration is responsible for the 2976 cm~! band of ethyl thionitrite and 
for the 2959 em~ bands of the two propyl compounds. The bands at 2933 and 
2924 cm~! respectively for ethyl thionitrite and the two other homologs are 
assigned primarily to the asymmetric methylene stretching vibration, except for 
the isopropyl compound, and to an unresolved contribution of the methyl group. 
The unresolved methyl and methylene (except for the isopropyl compound) 
symmetric stretching vibrations are responsible for the bands at 2882 em~! for 
ethyl thionitrite and 2874 cm~! for n-propyl and isopropyl thionitrites. The cor- 
responding frequencies of methyl thionitrite are also given in Table 2 for com- 


parison. Their high values are consistent with the abnormal behavior of a first 
member of a series. 


. J. Fox and A. E. Marrtry, Proc. Roy. Soc. (London) A175, 208 (1940). 
A. Pozersky and N. D. CoGGEesHa.y, Anal. Chem. 28, 1611 (1951). 
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» The N—O stretching vibration 
Few correlation data are available for this bond vibration [7]. A series of alkyl 
nitrites studied by TARTE [5] have two bands of unusually high intensities in the 
1660 and 1620 cm~' region of the spectrum. They are attributed to the N=O 
stretching vibration, their doubling being due to the co-existence of two rotational 
isomers. All thionitrites studied in this investigation, as well as methyl! thionitrite 
reported previously [3], show a very strong band at 1554 cm 1. This band is as- 
signed to the NO stretching vibration. In contrast to its behavior in the cor- 
responding nitrites the band shows no indication of doubling and its frequency 
location is constant throughout the series of thionitrites investigated. The presence 
of a less electronegative atom adjacent to the N—O group may be responsible for 
the lower frequency of this vibration forthionitrites than for nitrites. Thisfrequency 
lowering effect has been observed for the carbonyl! stretching vibration [9). 


% The CH bending vibrations of bonds non-adjacent to the S NO group 


The bending vibrations of CH bonds, as opposed to their stretching counter- 
parts, are usually more strongly affected by the proximity of heteroatoms. It may 
he expected therefore that the ‘ H bending vibrations of alkyl groups adjacent 
to the S—N—O group will exhibit rather large shifts from their correlation values 
for hydrocarbons. These vibrations will be studied later. The discussion is re- 
stricted. for the moment, to alkyl groups in at least a § position to the 5 N=O0 
group. Ethyl thionitrite has two bands at 1455 and 1385 em~', obviously due 
respectively to the asy mmetrical and symmetrical bending vibrations of the methyl 
group. Two similar bands appear at 1464 and 1390 em~ in the spectrum of n- 
propy! thionitrite. The band at 1464 em~ is attributed to the unresolved bending 
vibrations of the methyl group and of at least one methylene group. A rather weak 
band at 1342 cm! (Table 3) is attributed to the wagging vibration of the methylene 
group non adjacent to the 5 N—0O group. The spectrum of isopropyl thionitrite 
also shows bands at 1460 and 1375 em 1 The resonance splitting commonly found 
for this last band [10] was not observed, probably due to the relatively low pressure 
available 

The following assignments, as mentioned earlier, are less reliable than the 
preceding ones and should be considered as tentative. They are recapitulated in 
Table 3 


a). The stretching ribration 


All thionitrites examined in this investigation show a band at about 690 em~'. 
Although this frequency is somewhat higher than the correlation value quoted by 
SHerrarp [11] for primary and secondary sulfur compounds, this band was 
assigned to the C—S stretching vibration. According to BeLiamy [12] the frequency 


7) L. J. Bentamy, The Infrared Spectra of ¢ omplex Molecules p. 250 Methuen, London (1956). 
8) P. Tarre, J. Chem Phys. 20, 1570 1952 

9) R. C. Lorp and F. A. Mitier, App! Spectroscopy 10, 115 (1956) 

10) L. J. Bectamy, Th Infrared Spectra of ¢ om ples Molecules Pp 23. Methuen, London (1056). 
11) N. SHEPPARD Trane. Faraday Soe 46, $20 (1050 

12) L. J. Becwamy, The Infrared Spectra of ¢ omplex Molecules p 201. Methuen, London (1956). 
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range in which the C—-S vibration occurs is rather wide and considerable shifts due 
to structural differences may be expected. This band is usually reported as weak. 
For the thionitrites studied it is of medium intensity for the normal compounds 
and rather strong for isopropyl thionitrite. The proximity of the strongly polar 
bond N=O may account for both frequency shifts and increase in intensity of the 
C—S vibration. The 730 em~ band for the previously reported methyl! thionitrite 
[3] was assigned to the C—S stretching vibration. The difference of some 40 em~! 
between a CH,—S and a primary or secondary compound is in agreement with 
SHEPPARD S finding {11}. 


Table 3. Tentative assignments of fundamental frequencies of some alkyl! thionitrites 


Alkyl thionitrites and frequency (em?) 


Assignment 


Methyl Ethyl n-Propyl Isopropy! 


CH, bending (scissor) 1415 1414 
CH, and CH bending (wagying) 1262 1342 
1295 
CH, twisting 1238 
(CH,),—C skeletal 1157 
CH, rocking LO87 
liosels (1055) 
stretching 975 926) * 
835/ SSI 
CH, rocking 781 


CS stretching 730 690 685 
N—S stretching (640) (626) (626) 


S—-N—O bending (382) (382) (382) 


( ) Estimated from combination bands. 
* No specific assignments were given for these bands, 


(b) The N—S stretching vibration 


No correlation value has been found for this vibration. The assignment given 


previously for methyl thionitrite |3] was tentatively made by comparison with the 


assignment of the corresponding N—-O vibration of methyl nitrite [8]. Assuming 
the 2174. cm ~! band of methyl thionitrite correctly assigned to the ry N—O + »y 
combination |3], the N—S vibration frequency is calculated to be 640 em-!. 
This agrees with the appearance of a strong absorption at 655 em~! which is assum- 
ed to be the R branch of the vibration—rotation band. Both ethyl and n-propy! 
thionitrite spectra show the beginning of a strong absorption band below 650 em~! 
which is assigned to the NS stretching vibration. Assuming the 2160 em~ band of 
ethyl thionitrite to be the equivalent of the 2174 em~ band of the methyl com- 
pound, the NS stretching vibration is calculated to be at 626 em~!. No combin- 
ation band at about 2160 cm~! was clearly detected in the spectra of the propy! 
compounds. From the appearance of the spectrum at about 650 em~!, the N——S 
vibration band of the normal isomer should occur at approximately the same 
frequency as for ethyl thionitrite. The corresponding band of isopropyl! thionitrite 
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is probably shifted to a lower frequency since no sign of absorption was evident 


at 650 em 


(c) The CH bending vibrations of bonds adjacent to the S—N—O group 


The symmetrical bending deformation frequency of a methyl group adjacent 


to an atom other than carbon is susceptible to considerable shifts from its 1380 em— 


position in alkanes [13]. This type of vibration is responsible for the 1300 em~! 


band of methyl thionitrite [3]. The intensity of this band is considerably higher 
than that of the corresponding hydrocarbon band. For ethyl thionitrite, the CH, 


deformation vibrations may be expected to be influenced by the proximity of the 


S—N=—O group. By comparison with assignments made by SHerrarp || for ethyl 
mercaptan and the ethyl halides, and by Brown and SHerrarp for the N—alkyl 
bromides [15] and for 1,2 dibromoethane | 16], the bands occurring at 1415 and 1262 


em~ have been assigned respectively to the CH, bending (scissor) and wagging 


vibrational modes. Similarly, the weak band at 1414 cm~! for n-propyl thionitrite 
is assigned to the bending (scissor) vibration of the CH, adjacent to the S—N—O 


group and the two relatively intense bands at 1295 and 1238 cm~! respectively to 
the wagging and twisting vibrations of this methylene group. These assignments 
seem to be in agreement with the recent discussion of the problem by Suerrarp | 17). 
The isopropyl thionitrite molecule has a single CH group adjacent to the S—N—O 
group. The relatively strong band observed at 1250 cm~ is assigned to the bend- 
ing motion of the CH group. This may be compared to the similar assignment made 
by Herzpere [18] for the chloroform band at 1205 em-', and for the partially 
deuterated methane CHD, band at 1200 em-! {19}. 


(d) The C—C stretching vibrations and other skeletal vibrations 

Several additional bands appearing below 1500 em~! in the spectra of the alkyl 
thionitrites studied have to be interpreted. For ethyl thionitrite, they are the 1044, 
975 and 750 em~ bands. In spite of its unusually high intensity, which is probably 


due to the proximity of the S—N—O group, the 750 cm~! band is assigned to the 


CH, rocking vibrational mode [14, 20, 21]. By comparison with the assignments 


made by SHerparp [14] for ethyl merecaptan and the ethyl halides, the 975 em~ 


band is assigned to the C—C stretching vibration and the 1044 em band to a 


methyl rocking vibration. The two bands appearing at 781 and 721 em~ in the 


spectrum of n-propyl! thionitrite are assigned to the rocking motions of the CH, 


groups. This interpretation is in agreement with the theoretical distribution 


J. Bettamy, The Infrared Spectra of ¢ omplex Molecules p. 24. Methuen, London (1956 

14) N. SHeprarp, J. Chem. Phys. 17, 79 (1949) 

15| J. K. Brown and N. Suerrarp, Trans. Faraday Soc. §0, 535 (1954). 

16| J. K. Brown and N. Suerparp, Discuss. Faraday Soc 9, 149 (1950). 

17| N. SHerrarp, Advances in Spectroscopy (Edited by H. W. Tuompson) Vol. 1, pp. 320-324. Inter- 
science, New York (1959 

18) G. Herzperc, Molecular Spectra and Molecular Structure Vol. 2 (9th Ed.) p. 317. Van Nostrand, 
Princeton (1960 

19) G. Herzeerc, Molecular Spectra and Molecular Structure Vol. 2 (9th Ed.) p. 309. Van Nostrand, 
Princeton (1960 

20) J. K. Brown, N. Suerrarp and D. M. Simpson, Phil. Trans. Roy. Soc. London A247, 35 (1954). 

21) H. Tscuamier, J. Chem. Phys. 22, 1845 (1954). 
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pattern for such vibrations in aliphatic hydrocarbons [21] and with the resonance 
splitting of the corresponding 750 em~ band of ethyl thionitrite. The 1157 em~ 
band of isopropyl thionitrite is assigned to two unresolved skeletal vibrations of 
the isopropyl group; this assignment is based on theoretical calculations made 
for hydrocarbons |22, 23] and has been substantiated by correlations of experi- 
mental data [22-24]. Both spectra of the normal and branched chain propyl 
isomers show a series of relatively weak bands in the frequency range 1100-835 em~!. 
These bands are at 1087, 1056, 891 and 835 em~ for n-propyl thionitrite and at 
1055, 926 and 881 cm~! for its isomer. These bands are assigned to methyl rocking 
and (—C stretching vibrations. The specific assignment of bands in this region of 


Table 4. Tentative assignments of combination frequencies of some alkyl 
thionitrites* 


Alkyl! thionitrites and frequency 
Assignment 


Methyl Ethyl n-Propyl Isopropyl] 


yN-—O yN—S 217 2160 + + 
vdS—N—O 1916 1916 1916 


* These bands were observed, assigned to a combination and used to calculate the 
non-observed fundamental involved. 
+ Not detected. 


the spectrum is not yet clearly established for hydrocarbons [25, 26]. The diffi- 
culties seem to arise mainly from the possibility of rather strong interaction between 
methyl rocking and skeletal stretching modes. No attempt was made to 
associate any particular band in this frequency range with a specific vibrational 
mode. 

Several bands in the 5000-1500 em~! region of the alkyl thionitrites spectra 
cannot be assigned to fundamental molecular vibrations. They must therefore be 
interpreted as harmonic or combination frequencies as given in Table 4. One such 
band stands out for its medium intensity and constant location at 1916 em 
throughout the series of thionitrites investigated. This band is assigned to the 
yN=—O — vdS—N=O combination. From this assignment the fundamental 
bending vibration frequency of the S—-N=-O group is calculated to be 382 em~!. 
This frequency is within the range of chain bending vibrations [27]. The 2160 em~! 
band of ethyl thionitrite is assigned to the yN=-O vN—S combination and has 
been discussed in connection with the N——S stretching fundamental. A weak band 


appears in the 4200-4300 em~ region for all thionitrites investigated. This band 


is generally present in the spectra of compounds containing CH bonds and results 


+. B. B. M, SurTHERLAND and D. M. Simpson, J. Chem. Phys. 15, 153 (1947). 

. M. Simpson and G. B. B. M. Surmertanp, Proc. Roy. Soc. (London) A199, 169 (1949). 

. 8S. Rasmussen, J. Chem. Phys. 16, 712 (1948). 
N. SHEPPARD and D. M. Simpson, J. Chem. Phys. 28, 582 (1955). 
N. SHEPPARD, Advances in Spectroscopy (Edited by H. W. THompson) Vol. 1, pp. 324-329. Inter 
science, New York (1959). 
G. HerzserG, Molecular Spectra and Molecular Structure Vol. 2 (9th Ed.) pp. 354-361. Van 
Nostrand, Princeton (1960 
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probably from a combination of CH stretching and bending vibrations as for 
methane [28]. Several weak bands were not given any assignment. They are the 
1730 em~! band of ethyl! thionitrite and the 1835, 1689 and 1300 em~' bands of 
isopropyl! thionitrite. 

The potential barriers responsible for the restriction of internal rotation about 
single bonds are in general of the order of 1-4 keal/mole. This potential in mole- 
cules such as ethane is thought to originate from exchange interactions of electrons 
involved in adjacent bonds [29]. Higher barriers of the order of 7-10 keal/mole 
have been estimated for molecules such as hexachloroethane [30], nitric acid [31, 
32]. nitrous acid [33], and alkyl nitrites [34]. These unusually high values of re- 
stricting potential may be satisfactorily explained by steric hindrance, hydrogen 
bonding, partial double-bond character or a combination of these effects. Rota- 
tional isomerism is particularly well detected by infrared spectroscopy in the cases 
of nitrous acid and alkyl! nitrites. The vibrational frequencies of several bonds for 
the two isomers are sufficiently different as to make their corresponding absorption 


bands easy to resolve [33, 35-37]. Nuclear magnetic resonance has been used 


34] to estimate the potential barriers in alky! nitrites at 6-9 kcal/mole. Resonance 
between structures such as R—O—N=O and R—O-—-N—O, giving a partial 
double-bond character to the RO—N bond, would considerably restrict the in- 
ternal rotation about that bond |34, 38]. This effect would also tend to maintain 
the co-planarity of the ONO group, and since this group is non-linear, would 
explain the existence of isomers. 

Let us consider the nitrite ion as resonating mainly between the two structures 


and 


with an O—N—O angle of 115°4 (39) and a N—O distance of 1-236 A (40). Com- 
plete resonance occurs bet ween the identical structures and one accordingly expects 


a bond distance N——O intermediate bet ween the single and double bond values. The 
calculated values are 1-44 A [41] and 1-18-1-20 A [41], 42], respectively, for the 
single and double N—-O bonds. If an alkyl group R is attached by a covalent 


G. HerzperGc, Molecular Spectra and Molecular Structure Vol. 2 (9th Ed.) p. 308. Van Nostrand, 
Princeton (1960 
L. Pautine, The Nature of the Chemical Bond, (3rd ed) p. 131. Cornell University Press, Ithaca 

A. Swick, I. L. Kare and J. Karwe, J. Chem. Phys. 22, 1242 (1954). 

Cony, C. K. INGoutp and H. Poo re, J. Chem. Soc. 4272 (1952); J. Chem. Phys. 24, 162 (1956). 

Patm and M. Kivparrick, J. Chem. Phys. 23, 1562 (1955). 

H. Jones, R. M. Bapcer and G. E. Moore, J. Chem. Phys. 19, 1599 (1951). 

H. Prerre and W. A. ANperson, J. Chem. Phys. 30, 899 (1959). 

D'Or and P. Tarte, J. Chem. Phys. 19, 1064 (1951). 

Tarte. J. Chem Phys 20, L570 (1952). 

N. Hazevpryve and |. Janper, J. Chem. Soc. 691 (1954). 

Curea. Bull. Soc. Chim Japan 28, 505 (1955). 
G. B. CARPENTER, Acta Cryst. 8, 852 (1955). 
L. Pavuiine, The Nature of the Chemical Bond (3rd Ed.) p. 349. Cornell University Press, Ithaca 
(1060), 
L. Pavitine, The Nature of the Chemical Bond (3rd Ed.) p. 344. Cornell University Press, Ithaca 


G. W. WHELAND, The Theory of Resonance p. 99. John Wiley, New York (1944). 
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bond to one of the oxygen atoms of the nitrite ion, the symmetry of the NO, nuclei 
assembly is thereby destroyed. However, the following resonance structures Ia 
and Ib may still be written: 


The energy difference between these structures should reduce the extent of reso- 
nance as compared to the nitrite ion case. This is supported by electron diffraction 
measurements on gaseous methyl! nitrite [43], the values 1-37 + 0-02 A and 1-22 
0-02 A being reported respectively for the —O—N— and —N—O bonds, which 
confirms the partial double-bond character of the —-O—N=- bond. This discussion 
is similar to that given by Pau Line [44] for the nitrate ion and covalent nitrates 
in which he concludes that the —-O—-N= bond should have about 15 percent of 
double-bond character. 

The infrared spectra of gaseous alkyl thionitrites as discussed earlier and in a 
previous publication [3], show an important difference with the spectra of the cor- 
responding alkyl nitrites. One band, instead of two, is found for each C—X, X——N 
and NO bond, X replacing either an O or a 8S atom. These results suggest a 
weaker restricting potential for alkyl thionitrites than for alkyl nitrites. The 
identity of the two resonating structures of the nitrite ion is destroyed by replacing 
one © atom by a 8S atom as shown in the following structures: 


N N 


and 


This should reduce the degree of resonance between these structures, and also 
between structures Ila and IIb of alkyl thionitrites as compared to the similar 
structures of alkyl nitrites: 


-S—N—O and 
Ila IIb 


The estimation of the relative energies of structures [la and IIb is prevented by 
the lack of energy values for single and double S—N bonds. It is suggested, how- 
ever, that the stability of structure IIb is so much lower than that of structure Ila, 
that IIb contributes very little to the resonance energy of the molecule. The 
partial double-bond character of the —-S—-N= bond and the potential hindering 
the rotation about that bond would therefore be lower than the corresponding 
properties of the —-O—N-=— bond. 

In a previous publication |3] a difference in steric repulsion was proposed to ex- 
plain the difference between the infrared spectra of methyl! nitrite and thionitrite. 
This difference in steric hindrance is quite obvious for the two methyl! derivatives 
(Fig. 4) and may play a part in the establishment of a relatively high barrier in 
R. Rocowsk1, Chem. Ber. 75, 244 (1942). 


|44| L. Pavutine, The Nature of the Chemical Bond (3rd Ed.) pp. 283-284. Cornell University Press, 
Ithaca (1960). 
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methyl nitrite as compared to methyl thionitrite. The distinction becomes more 
difficult, however, between the two series of higher alkyl homologs, due to rotation 
possibilities about each additional C—C bond of the alkyl residue. It is never- 
theless possible that the van der Waals interaction between the oxygen atom of 
the N==0 group and the closest CH, or CH group is still a significant factor in the 
barrier height difference between alkyl nitrites and thionitrites. 


©) 


Fig. 4. The bond distances for RONO are those 
of Rocowsky | 43 except for the CH bond which 
was calculated. The bond distances for RSNO 
are calculated from atomic covalent radii {47}. 
R is a normal or isoalkyl group. The van der 
Waals radii for H and O are taken respectively 
as 1 A and 1-4 A. The angles HCO and HCS are 
taken as 110° [48]. The angles ONO and SNO are 
taken as 115° [49]. The angles CON and CSN 
are respectively taken as 110° and 105° by com- 
parison with the values for COC and CSC | 50}. 


Several authors [36, 37] have suggested hydrogen bond formation as a stabil- 
izing effect for the cis form of alkyl nitrites. From the position of carbon in the 
electronegativity scale and without a special effect to increase its electronegativity 
H ...0O bond should be very weak. Such a 


[45], it seems, however, that this ( 
bond would involve the formation of a five-membered ring and it has been shown 
that even a six-membered ring does not appreciably stabilize this type of hydrogen 


bond {46}. 


L. Pavutinc. The Nature of the Chemical Bond (3rd Ed.) pp. 458-459. Cornell University Press, 
Ithaca (1960). 

J. M. Wipom, R. J. 
L. Pavurse. The Nature of the Chemical Bond (3rd Ed.) pp. 224-229. 
Ithaca (1960 


L. Paviixe. The Nature of the Chemical Bond (3rd Ed.) p. 114. 


and M. E. Hosss. J. Am. Chem. Soc. 79, 1383 (1957). 
Cornell University Press, 


Cornell University Press, Ithaca 
L. Pacurxe. The Nature of the Chemical Bond (3rd Ed.) p. 141. 
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Cornell University Press, Ithaca 
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It is probably safe to conclude that the same type of restricting potential 
function exists for both alkyl nitrites and thionitrites, the difference being of a 
quantitative rather than a qualitative nature. The fact that double bands appear 
in the infrared spectrum of alkyl nitrites, in a certain temperature interval, results 
from a combination of suitable values for barrier heights with respect to 7’, and for 
the difference in force constants of corresponding bonds in different isomers. 
From experimental evidence at hand at the present time it must be concluded that 


these molecular properties for thionitrites are such as to prevent the existence of 
rotational isomers or at least their detection by infrared spectroscopy at room 
temperature and with the resolution available in this investigation. 
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Abstract. Several combustion characteristics which play a role in the radiation of flames are 
reviewed. The limits of inflammability of various combustible mixtures used in analytical 
flame spectroscopy, together with their ignition temperature, burning and detonation velocity 
and detonation pressure are examined briefly. 

The structure of premixed and diffusion flames at various pressures is described in some 
details and the radiation of several elements excited in the various zones of premixed flames is 
examined. A procedure for eliminating the background radiations from the blue cone and 
outer cone of various flames is suggested 

The flame temperature and its distribution is analyzed in relation to flame structure, and 
the meaning of this combustion characteristic in relation to the radiation phenomenon is 
discussed 

Brief considerations of some reactions and ionization in flames follow, the article being 
concluded with a discussion of the size of atomized droplets and its influence in the calcium 
phosphorus interference 

Introduction 
Tuts article will be limited to a general discussion of various flame characteristics. 
laying stress upon those properties which play a significant part in the radiation 
of flames when they are considered as excitation sources for analytical purposes. 

The scientist interested in the principle of analytical flame spectroscopy or in 
the instrumentation and use of this method will find valuable information in the 
books published on this subject. To the works of LuUNDEGARDH [99]*, Mavro- 
DINEANU and Borrevx [100], Herrmann [64] and Burriet-Marti and Ramirez- 
Munoz [20], one should add a new edition of HeRRMANN’s book, this time in 
association with ALKEMADE [65], and two new books published in this country: 
one by Dean [26] the other by TeLon | 140] just out of press. Two reviews, one by 
GILBERT just out of press [55] and another by the author |102], together with a 
bibliography covering the period 1848-1959 with more than 1600 references, are 
also available [101]. 

Let us consider a conveniently chosen mixture of a fuel gas and of air or oxygen 
at rest at room temperature and atmospheric pressure. Let us bring the tempera- 
ture, at one given point of this mixture, to a value such as to cause its ignition. 
The combustion phenomenon which takes place emits heat and light. This 


phenomenon is called the flame. The flame progresses step by step through the 
mixture, the amount of heat released by the first layer being used to bring the 


adjacent one to its ignition point and to compensate for the loss of heat by con- 
ductivity. Under these conditions the flame front propagates itself through the 


* All references are given at the end of the paper, under “Literature cited’, p, 1036. 
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combustible mixture with a constant and uniform velocity during the entire 
duration of the combustion. This propagation velocity is called burning velocity. 
For certain conditions of pressure the propagation of a flame may take place 
through an adiabatic compression wave which precedes the flame front, resulting 
in the detonation of the combustible mixture. This phenomenon, which usually 
occurs when pure oxygen is employed as combustive, propagates through the 
combustible mixture with a high velocity and is always followed by a considerable 
rise of pressure. 

The form of the flame is determined by the conditions of flow of the gaseous 
mixture. If a stoichiometric combustible mixture travelling upward through a 
tubular container with a speed exceeding its burning velocity is ignited at the 
extremity of the tube, the flame takes a conical shape and sets at the upper end of 
the container. This is the case of the Bunsen burner shown in Fig. 1. A quick 
examination will reveal that this flame has a structure resulting from the super- 
position of two conically shaped layers. The inside one, of a bright green—blue 
color, is called the internal cone, blue cone, primary reaction zone, primary 
combustion zone or tongue, and derives from the flame front; while the outside 
layer constitutes the outer cone, outer mantle, secondary reaction zone, secondary 
combustion zone, panache or plume. The temperature of the flame is a characteris- 
tic which depends on the nature and composition of the combustible mixture, 
flame structure and pressure. We shall examine in some detail the conditions for 
the production of combustion flames and their properties. 


Combustible mixtures, limits of inflammability or explosion, ignition 
temperatures, burning velocity, detonation velocity and pressure* 

Table | presents a summary of combustion characteristics, starting with 
various combustible mixtures which are described in the first three columns. In 
addition to the commonly used mixtures of H,, C,H,, C,H, and city gas with air 
or oxygen, the theoretical combustion of gaseous carbon is given in the first row 
for comparison. The combustion of (CN),, H,/F, and H,/ClO,F used mostly at an 


experimental stage is also mentioned, together with several combustible mixtures 


not yet used in analytical flame spectroscopy, such as C,N, with air, O, or O,, and 
the decomposition of O, [102]. 

The combustion of a gaseous mixture will be transmitted to the entire mass 
only if the content of fuel falls between certain lower and higher limits called limits 
of inflammability, usually expressed in percentage volume of gaseous fuel in the 
total volume of the gaseous mixture. These limits, given in col. 4, were measured 
for combustible mixtures propagating upward in tubular containers having a 
diameter of one to several centimeters, at room temperature and at atmospheric 
pressure. The limits of inflammability vary according to experimental conditions 
such as the initial pressure, humidity and temperature, the type of ignition (spark, 
hot wire, mercury fulminate, etc.), the size and nature of combustion vessel, and 
direction of flame propagation. These conditions must always be specified if the 
data are to have any meaning. It can be seen from Table | that for the considered 
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fuels, excepting CO, the average lower limit of inflammability is around 5 per cent, 
while the upper limits vary from 8-41 to 93-9 per cent. 

The ignition temperatures shown in the next column are defined as the lowest 
temperature at which the combustion, initiated at a given point, is transmitted to 
the entire gaseous mixture. In spite of the fact that this value depends on the 
experimental conditions, its magnitude for a given mixture does not vary notably. 
For the combustible mixtures presented in Table 1, the ignition temperatures lie 
between 335 and 645°C except for C,N, which can be ignited at the low temperature 
of 130°C and H,/F, which self-ignites at room temperature. While studying the 
ignition of ethyl ether—air mixtures some eighty years ago, PERKIN [110] found 
that in addition to the normal ignition temperature of about 400°C there is also a 
much lower ignition point. These two different ignition temperatures can be 
observed for hydrocarbons burning in air or oxygen at various pressures [51]. The 
pale cold flames produced at the lower temperature can be distinguished from 
normal flames by their appearance and spectra, which contain the molecular band 
emissions of formaldehyde. The conventional expression of ‘‘cold flame’ should 
be taken here in its loose sense, and is used to differentiate the normal “‘hot”’ 
flames from the chemiluminescent phenomenon. The existence of a cold flame is 
a tangible proof that the radiation of activated particles in a combustion can occur 
with a minimum production of heat. This emission results from the chemical 
processes taking place within the combustion mixture and is therefore called 
chemiluminescence [88]. 

The burning velocity is, for a particular gaseous fuel and combustive mixture, 
a function of the percentage composition and of the experimental conditions, such 
as the initial temperature, pressure and humidity, direction of propagation and 
turbulence, form and nature of the combustion vessel and its dimensions. The 
data contained in Table 1, col. 7, show that this value can vary within large limits 
from 20 cm/sec for the stoichiometric (CN),—air mixture to 10,000 cm/sec for the 
H,/F, mixture, and is maximum for a given combustible mixture when the fuel- 
to-combustive ratio is stoichiometric. Since the production of a stationary flame 
requires that the gaseous mixture moves in a direction contrary to the flame 
propagation, at a speed at least equal or superior to its burning velocity, the 
knowledge of this characteristic is necessary when building a burner. Usually the 
travelling velocity chosen in this case is from 3 to 10 times higher than the burning 
velocity, the resulting flame having a ‘stiffness’ corresponding to the speed [11, 
90]. For analytical purposes a stiffer flame is preferable since it is less subjected 
to the fluctuations resulting from accidental turbulence of the surrounding air. 
Measurement of burning velocities in tubes of decreasing diameter has shown that 
the propagation of the flame for any combustible mixture in any proportions is 
arrested when the diameter reaches a certain lower value. For a methane—air 
mixture at room temperature and atmospheric pressure, this critical diameter is 
36mm. This flame-quenching phenomenon, which is due mainly to the cooling 
action of the walls, can be used as a trap to prevent a flame striking back down the 
burner into the atomization flask and further into the gas supplying equipment. 

For certain conditions of ignition and pressure (especially for fuel mixed with 
pure oxygen), the combustion may propagate with a high speed, greatly exceeding 
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the burning velocity and reaching 1000-3000 m/sec depending on the gas mixture. 
The detonation velocity for some of the combustible mixtures considered in Table | 
is given in col. 8 and the detonation pressure in col. 9. 


Flame structure and radiation* 

The combustion flame can be obtained in two different forms having different 
structures and properties according to the method used for mixing the combustible 
mixture. When the fuel gas is mixed with the air or oxygen before the combustion, 
a premixed flame is obtained; when mixing occurs in the combustion zone itself, 
a diffusion flame results. Fig. 2 shows a stoichiometric premixed laminar acetylene 
oxvgen flame on which two different and clearly defined zones can be observed 
the bright primary reaction zone surrounded by the pale blue secondary reaction 
zom The term “laminar” is used here as defined by Gaypow and WoLrHarRD 


54, pp. 10, 15, 16 \ careful examination of the primary reaction zone reveals 


that the blue cone is not homogeneous but is made from at least two lavers a 


pre heating of pre luminous zone and a reaction or luminous zone (Fig 3). This 
photograph was obtained by H. P. Brorpa at the National Bureau of Standards, 
using a schlieren procedure. On the same photograph one distinguishes a faint 
interconal laver surrounding the blue cone. which constitutes the rewion of high 
temperature of the flame This zone possesses reducing properties. Depending 
upon the combustible mixture and pressure the thickness of the blue cone varies 
from several hundredths of a millimeter at atmospheric pressure, to several 
centimeters at a pressure of several millimeters of mercury. Similar data have 
been reported previously by Kiaukens and WoLrnarp [81] and by Westerpik 
111. 151. see aleo 125 At atmospheric pressure the high-temperature zone may 
have a thickness of several millimeters, followed by the outer cone having a length 
of approxim stely 5-15 em. The outer cone is the zone where oxidations take place. 
The structure discussed above can be analyzed with the flame separator of Trew 
139) or of Surruenues and [Neve [134] as demonstrated in Fig. 4 for a propane—air 
premixed flame. The dark space between the inner and outer cones is filled with 
hot gases consisting mainly of CO, H,, CO,, H,O and N,. The CO and H, ignite 
and burn at the top of the separator when they come in contact with the surround- 
ing air. The inner cone constitutes the premixed flame, the outer cone being in 
fact a diffusion flame 

The combustion of the same C,H,-O, mixture, accomplished this time without 
preliminary mixing, is presented in Fig. 5, which shows that the diffusion flame 
produced does not have a well-defined structure. The various zones are intermixed, 
in contrast to clearly separated zones of the premixed flame. 

The primary reaction zone of a premixed flame burning at atmospheric pressure 
is too thin to permit a detailed study of its emission. Since its thickness is an 
inverse function of pressure low -pressure flames are used for this purpose. kig. 6 
presents such a premixed flame, obtained by Gaypow [54, plate 2, and 48, Fig. 2], 
from the combustion of C,H, in O, at a pressure of 3mm of Hg. The premixed 
gases enter the evacuated glass container through the central tube, where they are 


* (24, 33, 34, 41-43, 45, 46, 48, 50, 54, 60, 92, 95, 96, 100, 102, 112, 116, 118, 131, 150), 
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Premixed city gas air flame burning at the top of a Bunsen burnet 
ness is due to the construction of the burner which does not produce a laminar flow 
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Fig. 2. Premixed laminar flame C,H, O 
is surrounded by the outer mantk 
of a premixed laminar flany 
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structure 
Fig. 4. Premixed propane-air flame split into its main components: the blue cone, the 
interconal reducing space and the oxidizing outer cone, by using the Teciv flame s parator 
The two luminous spots above the blue cone are produced by its reflection on 


134, 139 
the wall of the quartz tube 
Fig. 5. Diffusion flame C,H,-O, showing an ill-defined structur 


Fig. 7 (a 


Fig. 6. Reproduction of a premixed flame C,H,-O 


Fig 7 (by) Fig 7 


burning at a pressure of 3mm Hyg 


54, plate 2), showing the complex structure of the blue cone. Courtesy of A. G. Gaypown 
and H. G. Chapman and Hall, Ltd., and Endeavor. 


Fig. 7. Premixed 


flame is produced; 


gas-oxygen flame; (a) with excess of oxygen a lean oxidizing 


b) stoichiometric mixture producing a neutral flame; (c¢) with excess 
of fuel a rich reducing flame results 
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Flame characteristics and emission 


ignited with a spark discharge between the two horizontal metal electrodes. As a 
result of the pressure conditions, the flame produced at the extremity of the glass 
tube has a lenticular shape resulting from the superposition of several layers. The 


luminous ring surrounding the flame is produced by reflections on the wall of the 
glass vessel. The primary reaction zone is in this case of an appreciable thickness 
and shows a complex structure. The outer cone has disappeared, since there is no 
surrounding air to maintain it. A somewhat similar effect can be obtained with 
the flat burner of WoLrHarp and Parker [154], which was designed to produce 
only diffusion flames at atmospheric pressure having a thick primary reaction zone 
[25, 155]. 

When the composition of the combustible mixture departs from the stoichio- 
metric ratio, the premixed flame shows a notable change in its shape and structure. 
This is illustrated in Fig. 7 (a—-c) where a comparison is made between a neutral 
stoichiometric city gas-oxygen flame (b) and the lean and rich flames (a) and (ce) 
produced by the same combustible mixture, but with excess of oxygen and excess 
of fuel. A drop in temperature accompanies this change in structure. 

The spectral examination of premixed flames, resulting from the combustion of 
various hydrocarbons with air or oxygen at low pressure, has revealed that the 
emission at the bottom of the primary combustion zone (Fig. 6) is due mainly to 
the C, molecule, while CH and CHO are responsible for the emission of the upper 
layer. The emission of OH is distributed uniformly throughout the entire com- 
bustion zone. The infrared radiation of the same zone is produced by CO, and OH. 
The radiation of the interconal zone and outer cone is produced by OH in the 
ultraviolet and CO, and H,O, with traces of CO and OH, in the infrared [75]. The 
hot gases escaping the flame produce the infrared emission of CO, and H,O. In 
addition to this molecular spectrum, the blue cone of a C,H,—O, flame exhibits the 
atomic emission of C at 4 2478-6 A and a continuous background due to the 
incandescent C particles and to the non-quantized processes of dissociation, asso- 
ciation and ionization. 

The existence of a large number of radiating and non-radiating molecules 
formed during the combustion process was detected recently by mass spectrometry 
|27—29, 39, 83, 84, 146, 148]. Through the development of special techniques, 
direct mass analysis can be performed on samples extracted from the various 
zones of premixed or diffusion flames burning at atmospheric or reduced pressures. 
The results have shown that the primary reaction zone contains a large 
variety of ions whereas the secondary reaction zone is more limited in the number 
of identified particles. In the blue cone of a premixed C,H,—O, flame, various 
particles of masses up to 150 were found, while in the outer cone a predominant 
mass of 30 was detected and attributed to the CH,O molecule. In general, the 
masses recorded for this flame were attributed tentatively to the following ions: 
H,O*, H,'®O*, H,'8O*, H;O0,*, C,H,*, CO*, NO*, COH*, from which H,0*, 
and C,;H,* constitute 95 per cent of the total number of ions. When elements such 
as Li, Na, K, Cs, Rb, Ca and Sr were introduced in the flame, the mass analysis 
revealed the presence of the corresponding ions, together with their hydroxides 
containing |, 2 or 3 molecules of water. 

When an alkali metal is excited in a flame, the emission of lines produced by 
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the neutral atoms is usually observed. The alkaline-earth elements emit in addition, 
radiations originating from the ionized atom together with those produced by the 
molecules of the corresponding oxides and hydroxides, or fluorides when H,/F, or 
H,/ClOsF is used. In some cases a more or less continuous background is emitted 
in addition to the atomic or molecular radiations. An extreme case in this sense is 
Mo and U, which produce only a continuous background in the outer cone of a 
premixed (,H,-air flame. To illustrate these emissions, we shall examine the 
spectra of Fe and Sn obtained successively in the blue cone and in the outer cone 
of a stoichiometric premixed C,H,-air flame [Fig. 8 (a) and (b)], recorded on 
orthochromatie plates, exposed for 60 see and with a slit of 25 4, with a Hilger 


medium quartz spectrograph. In the upper group of four spectra, the first was 
produced by the outer cone alone, and the second was obtained when 5000 p.p.m. 
Fe was introduced into the flame. This is followed by the spectrum of the blue 
cone supplied with 5000 p.p.m. Fe and, finally, the fourth spectrum is that of the 
blue cone alone. The flame spectroscopist will identify easily the molecular 
emission of CH, C, and OH in the blue cone and that of OH in the outer cone. The 
emission of Fe neutral atoms in the outer cone extends in the ultraviolet to about 
4 2900 A. The same element supplied to the same flame in the same conditions 
emits in the blue cone a much richer line spectrum, covering a wider spectral 
region and extending down to less than 2500 A. Comparable results are obtained 
with Sn, which emits in the outer cone only a molecular band spectrum, while the 
blue cone contains the lines of Sn neutral atoms. This can be seen in the lower 
group of four spectra. A similar situation is presented by Mo[100, Plates 9 and 10, 
pp. 164-170, 173-177]. 

These qualitative and quantitative differences, observed when radiation 
studies are made in the blue cone and outer mantle of a premixed flame, are not 
new findings. As far back as 1877, Govy 


57, 58| states in a paper devoted to 
‘investigations on the spectra of metals at the base of the flame” that “the blue 
cone of a flame possesses a particular emission power’. Further, he notes that 
“the emission from the blue cone is similar to that of a spark’ for elements such 
as Na, Bi, Sn, Cr, Os. Studies of this zone were carried out by de WATTEVILLE 
149), Hemsacecn and Wartrevit_e [63] and pe Gramont [59]. More recently 
ALEKSEIEVA and MANDELSTHAM discuss the excitation condition for Sn in the 
blue cone of a C,H,-air flame [2]. The mechanism of excitation for Fe in the blue 
cone of a H,-O, and C,H,-O, flame at atmospheric pressure and of a C,H,-O, 
flame at low pressure was carefully investigated by Brora and SHuLer | 19] and 
by Gaypow and [52]. 

The analytical flame spectroscopist has found little or no interest for this 
particular region of the premixed flame, except for the efforts he is making to 
avoid it. The reason for this attitude is very likely due to the complexity of the 
spectrum produced by the blue cone which, as we have seen previously, tends to 
cover the entire spectral range from the ultraviolet to the infrared with its own 
strong molecular and continuous radiations. This tends to obscure partially or 
totally the emission of the chemical elements supplied to the flame, making the 
analysis difficult if not impossible. This interference can be minimized to some 
extent by selecting a spectrograph of convenient dispersion and by using a narrow 
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slit. The troublesome effect of the radiations from the blue cone can be eliminated 
by intermittent injection of the sample into the flame at any convenient constant 
frequency, combined with an a.c. measuring circuit sharply tuned to the injection 
frequency, so that the output signal is produced by the radiation from the injected 
element. The apparatus developed by Dickey and Horrman [30] and Dickey 
et al. [31] for this purpose uses the phase discrimination principle and is described 
in Fig. 9. The set-up comprises a Beckman atomizer—burner, a monochromator 
provided with a photomultiplier, which is connected to an a.c. amplifier tuned to a 
frequency of 12 c/s, a rectifier and a d.c. recording instrument. The suction tube 


DIFFUSION FLAME 


MONOCHROMATOR 


PHOTOMULTIPLIER 


BURNER- 
ATOMIZER 


A.C. AMP., I2c.p.s 
ROTATING — AND RECTIFIER 


CIRCULAR VALVE 
12 c.p.s. 


0.C. METER 
ANALYTICAL 
SOLUTION 


Fig. 9. Schematic description of the phase discrimination set up used by Dickey et al. {31}, 

to measure emissions from flames free of flame background. The atomization of solution 

into the diffusion flame is interrupted periodically. Drawn according to the information 
given by the authors in their paper [31]. 


of the atomizer is equipped with a specially constructed rotary valve, which 
interrupts periodically the uptake of solution and its atomization into the flame at 
the rate of 12 c/s. Under these circumstances, the instrument will detect only the 
intermittent emissions given by the elements introduced into the flame. since the 
amplifier is totally insensitive to the continuous signal produced by the flame alone. 
This ingenious instrument was used by its authors to measure the flame emission 
in the infrared region. The correct operation of this instrument depends on the 
functioning of the rotary valve, and its use is limited to diffusion flames. It is. 
however, possible to design an instrument using the same principle in a double- 
beam set-up, with continuous atomization and premixed flames [122a]. As can be 
seen from Fig. 10, the apparatus makes use of two identical flames. The solution 
to be investigated is atomized into the analytical flame, while the reference flame 
receives only the atomized solvent. The emission of these flames is projected 
successively by the revolving shutter at a frequency of 35 c/s, for example, on the 
entrance slit of a monochromator. The photomultiplier receives the periodical 


signals and transmits them to the a.c. amplifier tuned to the same frequency of 


35 e/s. After rectification, the resulting signal is measured with a d.c. meter. As 
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long as the emission from the two flames are identical, no signal will be detected 
by the instrument. When the optical balance is destroyed by the atomization of 
an excitable element into the analytical flame, the instrument will detect the 
signal and measure its intensity. When measurements are carried out at the same 
wavelength, the reference flame might be replaced by an incandescent filament of 
constant emission adjusted with the neutral wedge to balance out the proper 
emission of the unsupplied analytical flame at the chosen wavelength. This 
compensation must be carried out every time the position in the spectrum is 
changed. 


REVOLVING SHUTTER, REFERENCE 


FLAME 
ANALYTICAL + CONSTANT REFERENCE 
FLAME OPEN 


INCANDESCENT FILAMENT 
= 


ATOMIZED VARIABLE DENSITY 
SOLVENT NEUTRAL WEDGE 


LENS 


MIRROR 


> — PLAIN DISC 


ATOMIZED 
SOLUTION MIRROR 


MONOCHROMATOR 


PHOTOCELL METER 


Fig. 10. Schematic description of a set-up similar to that described in Fig. 9, in which 
continuous atomization is used in conjunction with two identical premixed flames 
(tentative). See also [122a}. 


The brief description of the emission spectra produced in the blue cone of a 
premixed flame [100] demonstrates clearly the possibility of using this zone for 
analytical purposes. Its application to qualitative analysis is quite straight- 
forward; for quantitative measurements however, an extensive study of excitation 
conditions is necessary. These potentialities were discussed elsewhere [102], and 
from a recent personal communication the author has been informed that Pau. T. 
GILBERT, JR. is now interested in this new aspect of analytical flame spectroscopy. 

When the radiation of particles excited at various levels in the outer cone of a 
premixed flame are subjected to a closer investigation, variations of a rather 
quantitative nature are observed. A set of measurements performed by HasLer 
in 1940 |62] were chosen to illustrate this situation and are summarized in Table 2. 
From the eight elements studied, Ca, Sr and Ba exhibit the greatest change in 
emission intensity when measurements were made throughout the outer cone at 
various heights in the flame varying from 1-5 mm to 15 mm above the blue cone. 
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Of these elements, Ca showed the largest change of more than 300 per cent. 
Somewhat similar results were obtained by DE MonTGAREUIL [104] in 1954 for the 
emission of Ca combined with different anions. (Table 3.) 

Another interesting observation in connection with the position of measurement 
in the outer cone made by DE MONTGAREUIL refers to the interference of phosphorus 
on calcium. Der Monrearevit used a solution containing 10 p.p.m. Ca to which 
he added increasing amounts of H,PO, from 0 to 1000 p.p.m., the solutions being 
atomized in a premixed C,H,-air flame. Emission intensity measurements made 
at various heights in the outer cone showed that the well-known depression 
produced by the H,PO, (100, pp. 95, 96] decreases with the height and disappears 


Table 3.* Emissions of 1000 p.p.m. Ca in various salts as a function of position in the outer cone 


of an : acetylene flame—the results are expressed as percent of the emission from the chloride 


inc: above Compounds 
blue cone 
mm ir ; CrO,Ca 


37 
63 
ag 


* (104 and 102). 


at a position 50 mm above the blue cone. The hypothesis offered by pe Monrt- 
GAREUIL to explain this phenomenon is that the decrease and final elimination of 
the interference may be attributed to the progressive dissociation of a stable 
molecule containing P, Ca and O present in the flame, the dissociation being, for a 
given temperature, a function of time. Similar observations were made by ALKE- 
MADE and Voornuts [4]. This phenomenon is not an isolated one since similar 
behavior has been demonstrated by FukusnHima for salts of calcium with boron 


and SO,*~ [47]. He has also shown that the interfering molecules containing Ca, P 


and O; Ca, B and O and Ca and SO,?> are formed in the solution rather than in the 
flame, which has the role only to vaporize, dissociate and excite. FuKUsHIMaA’s 
results confirm the observation made earlier by ALKEMADE and Voorutts [4]. 

From these brief discussions it is clearly seen that the radiation of an element 
excited in a flame is closely related to the structure of the flame. Hence, basic 
scientific studies of the excitation conditions can be made only when this important 
flame characteristic is taken into consideration. 


Flame temperature* 

The energy absorbed or liberated by a chemical reaction is usually expressed in 
calories per gram molecule. For the combustion reactions discussed previously, 
this value is given in Table 1, col. 3, and is preceded by a minus sign to indicate an 
exothermic reaction, as recommended by the International Union of Pure and 
Applied Physics [117]. The thermal energy developed in a flame is reflected in its 


* (5, 9, 14, 18, 40, 50, 54, 66, 89, 93, 95, 100, 102, 108, 119-121, 123, 126, 127, 129, 141, 144}. 
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temperature; this value is recorded in Table 1, col. 7. These temperatures are the 
maximum values measured in the hottest part of stoichiometric premixed flames. 
just above the blue cone, by the line-reversal procedure at atmospheric pressure 
and room temperature. For the H,/F, mixture a diffusion flame was used. The 
experimental value of 3100°C found for the C,H,—O, flame is quite close to the 
calculated value of 3050°C for the theoretical flame of gaseous carbon oxygen. 
This is due to the high content of 92-3 per cent carbon of C,H, and to the endo- 
thermic nature of the acetylene synthesis reaction. 

The thermal energy in a flame is distributed between activated particles to 
the various translational, rotational and vibrational states, and further to the 
electronic and ionization state. Each state can be defined by its own temperature 
and when this value is identical for all these states, the radiation from the flame is 
in thermal equilibrium. The well-known Boltzmann equation, which relates the 
intensity radiated by a given number of activated particles to the temperature of 
the exciting source, can be applied only in this equilibrium circumstance. A 
further limitation of the Boltzmann equation is presented by chemical reactions 
and ionization and self-absorption phenomena occurring in the excitation source. 
When the temperature of translation, rotation and vibration are not equal and 
differ from the electronic and ionization temperatures, the system is not in thermal 
equilibrium. In a flame, chemical reactions produce radiation which deviates 
from thermal equilibrium. The process is called chemiluminescence [88, 106]. 
The Boltzmann equation cannot be applied to interpret such emissions, and the 
notion of temperature loses its meaning. These two widely different types of 
excitation mechanisms are found in the flames used in analytical flame spectro- 
scopy, and a study of the temperature distribution related to the flame structure 
will help in identifying the origin of the resulting radiations. The temperatures 
obtained for a given combustible mixture at atmospheric pressure depend on the 
composition, on the flame structure and on position of observation in the flame. 
The maximum value, obtained for stoichiometric mixtures just above the blue 
cone, decreases steadily as one moves upward into the outer cone and as the 
mixture departs from its stoichiometric proportion. To illustrate these variations 
we will use the results obtained by Lewis and von ELBE [95, pp. 261-265] presented 
in Fig. 11 and 12. The isotherm graph, resulting from 300 individual measurements 
(Fig. 11) describes the temperature distribution in a natural gas—air near-stoichio- 
metric premixed flame containing 8-70 per cent fuel. The graph shows that the 
maximum value of 1863°C is obtained in the outer cone, just above the blue cone. 
and that this value decreases as one moves upward. When the proportion of fuel 
was increased, the maximum temperature decreased, as shown in Fig. 12. The 
premixed flame contains in this case 10-96 per cent fuel, and the maximum tempera- 
ture obtained in this rich flame is about 100°C lower; at the same time a slower 
change of temperature with height was observed. 

Measurements of temperatures performed in the outer cone of stoichiometric 


premixed combustion flames using various procedures and states of excitation 
(translation, vibration, rotation and electronic) have produced similar results, 
agreeing within the experimental errors—and in agreement with the thermo- 
dynamic calculated value, as can be seen from Table 4. When similar measurements 
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were made in the inner cone of the same flames, the temperatures obtained differed 
widely according to the measuring conditions. From these results it might be 
concluded that thermal equilibrium is achieved in the outer cone of premixed 
flames and that the radiation from this zone is of thermal nature (perhaps with the 


Fig. 11. Reproduction of an isotherm graph of a near-stoichiometric premixed flame 
natural gas-air, showing the temperature distribution in “C, Courtesy of B. Lewis and 
G. von Evpe [95, p. 262) and Academic Press. 


exception of ionization [ 100, p. 193]) | 12, 86, 135, 152]. On the other hand, thermal 
equilibrium is not reached in the inner cone; the radiations of excited particles in 
this zone resulting from chemical reactions |2, 4], 

A detailed study of the excitation of Fe in the blue cone of stoichiometric 
premixed flames of H,-O, and C,H,—O, at low and atmospheric pressure was made 


by Brora and Suvucer [19]. Their studies established the fact that a marked 


departure from thermal equilibrium predominates in this zone, since the spectrum 
of Fe resembled that emitted by an iron arc. Similar results were obtained for Sn 
by ALEKSEIEVA and MANDELSTHAM [2]. It is necessary to mention, however, that 
whether the radiation of a chemical species excited in a flame is or is not in thermal 
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equilibrium does not preclude its use for analytical purposes. The only condition 
to be satisfied is that the radiation must be constant and reproducible. 

The excitation conditions and the temperature measurements described so far 
were observed with premixed flames. Similar studies made on diffusion flames 


5.6 


16001650 700 


Fig. 12. Reproduction of an isotherm graph of a rich premixed flame natural gas—air, 
showing a different temperature (C°) distribution pattern from Fig. 1] Courtesy of B. 
Lewis and G. von ELBE [95, p. 264] and Academic Press. 
have shown that the radiation from the ill-defined primary and secondary zones 
are in thermal equilibrium with the flame. This fact, together with the structural 
characteristic, constitutes the capital difference between diffusion and premixed 


flames. Another fact which must be mentioned here is that when premixed flames 


are used in conjunction with indirect atomizers, the amount of water reaching the 
flame is of the order of 0-1-0-3 ml/min. The cooling effect which results is of no 
consequence on the temperature of the flame and its radiation, since only a drop 
of 10-15°C was observed |[6, 72]. On the other hand, when the solution is atomized 
directly into a flame, as it was proposed first in 1939 by Baum [7] and is done 
currently in the modern atomizer—burner units, a large volume of 1-2 ml/min is 
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injected into the flame and floods it, producing an important drop in temperature 
of about 500°C, This decrease causes a notable drop in intensity of emission, and 
It must be mentioned at this point that diffusion 


consequently in sensitivity. 
flames and direct atomization present certain properties which justify their 
extensive use in routine analytical flame spectroscopy. These types of flames can 


K calculated and measured in the inner and outer cones 


Table 4. Temperatures in 


of acetylene—air and oxygen premixed flames 


C,H,-air C,H,0, 


Method of determination 


Inner cone Outer cone Inner cone Outer cone 


Calculated temperature from 
2520 3320 


thermodynamic data 


S000 


5600 5700 
5700 S500 


~ * 


Rotation OH 


2500 3750 
3000 


3650 


Vibration OH 


2600 


5150 
4950 


3370 


3400 1 7 


2475 


2510 


Excitation Li 2270 


3400 
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2360 1981 3410 
2400 
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Excitation K 2110 
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Excitation Fe 
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Comparison of molecular CO, 
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be used with self-igniting gases such as H,/F, and inflammable solvents. In 
addition, the burners used to produce diffusion flames are free of “flash back’, 
which can be especially dangerous when oxygen is used as combustive, and further- 
more are easy to handle and are relatively inexpensive. 

Since the radiation of a thermally excited particle is a function of the tempera- 
ture of the exciting source, an increase of this parameter is desirable to obtain a 
better sensitivity. At first sight, such an increase could result from the preheating 
of the combustible mixture. This operation is limited for premixed flames by the 
low ignition temperature. On the other hand, only a minor enhancement of 
temperature will result if preheating up to 2000°C could be achieved, as was 
demonstrated theoretically by Serer1an [129]. Another method which could be 
used to increase the flame temperature is by producing stationary combustions 
under high pressure. Experiments with such flames have been known for a long 
time, the first spectroscopic observation on a H,—O, flame burning at 40 atm 
pressure being attributed to Liverne and Dewar[97]. A more recent and extensive 
study has been made by DirepeRicHseN and WoLrHarp [32], who examined 
spectroscopically the radiations of premixed and diffusion flames produced by 
several combustible mixtures using a variety of burners. The spectra of the 
reaction zone of these two types of flames, burning at a pressure of 40 atm, are 
fundamentally different from that produced at atmospheric pressure, the pre- 
dominant characteristic being a continuous radiation from the carbon particles. 
For a detailed description, the tabular results and spectrograms for methane, 
ethylene, methy! alcohol, hydrogen and carbon monoxide burning at 40 atm in 
air or oxygen must be consulted. Temperature measurements made by line 
reversal with the OH bands have shown that the values obtained for the flames of 


CH,-O, and H,—O, at 40 atm were 500-600°C above the temperatures of the same 
flames burning at atmospheric pressure. This increase results from the known 


relation between temperature, pressure and dissociation in flames [100, pp. 18-27 


Brief considerations on some reactions and ionization in flames* 

When an aqueous solution of a metal is atomized into a flame and reaches the 
blue cone level (Fig. 13), a number of phenomena take place in fast sequence. The 
evaporation of the solvent is probably the first step, followed by the melting and 
vaporization of the metal salt and its dissociation. The dissociation products may 
react with the combustion gases and their products in the various zones of the 
flame and also react with the other chemical species, atoms, molecules, free radicals 
or ions present. Finally the excitation of the various particles takes place. The 
mechanism of anomalous electronic excitation in the primary reaction zone of a 
stoichiometric premixed C,H,—O, and H,—O, flames was studied extensively by 
Gaypon and Wo [53, 54] and recently by Bromma and Saver [19] who 
suggest the following scheme: 


CH [or/and CH,, CH,] + O + M—+CO M* + H/[H,] 
In this three-body collision reaction, the single-carbon species CH[CH,, CH,] 


, 10, 15, 16, 21-23, 33, 36, 37, 49, 50, 53, 54, 56, 67-71, 73, 74, 76-80, 82, 87, 88, 91, 95, 106, 107, 
4, 115, 124, 130-133, 137, 138, 143, 145). 
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resulting from the oxidation at high temperature of the hydrocarbons [37] are 
converted to CO by oxidation with atomic oxygen, liberating 256 keal. The third 
member M might represent a molecule of H,O, H,, O, or C, according to the 
reaction conditions. The activated molecule M* collides subsequently with say 


T*« 
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BLUE CONE _ 
MINIMUM STRUCTURE “= DISTANCE ABOVE BLUE CONE 


29, PREMIXED GASES 


FINE DROPLETS OF ATOMIZED 


SOLUTION 


BLUE CONE (Pmimany ComBuSTiON ZONE NTER - CONAL ZONE OUTER ZONE (SECONDARY COMBUSTION ZONE) 
NOEFINITE TEMPERATURE MIGMEST TEMPERATURE DECREASING TEMPERATURE 
COMPLEX STRUCTURE REDUCTION ZONE OXIDATION ZONE 


ATMOSPHERIC 
0, — 106,500 ce! 


NON~ THERMAL RADIATION 


CHEMI. UMINESCENCE 


RADIATION |S IN THERMAL EQUILIBRIUM 


FoR 
Fig. 13. Simplified description of a premixed C,H,—-O, laminar flame burning at 
atmospheric pressure. 
Fe, to which it transmits its energy, generating an anomalous excited Fe* particle, 
according to the bimolecular energy exchange 
M* + Fe—~>M Fe* 

When a H,-O, flame was used for the excitation of Fe, no anomalous excitation 
occurred, indicating that for this type of combustion the elementary reactions are 
not sufficiently exothermic to produce such an effect. The maximum energy 
which could be transferred to a third body M is only 116 keal and results from the 
recombination of the oxygen atoms, representing less than half of the previously 
mentioned 256 keal. 

The radiation intensity of a chemical species excited in a given flame depends, 
among other things, on the number of free particles present in the flame, this 
intensity being a function of the concentration of the analytical solution, and of 
the complex reactions occurring in the various zones of the flame. Among these 
reactions, it is well known that the formation of oxides or hydroxides, phosphates, 
aluminates, borates, sulfates or other compounds, and the ionization processes all 
play a major role. The radiation intensity is also modified by self-absorption 
phenomenon [3]. The reactions can be expressed through a general equation of 
the form 

Pu *~ Po 


K 


for example, in which py, po and py,» represent, respectively, the partial pressures 
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of a metal M, of the oxygen atoms O, and of the resulting oxide MO [50, pp. 226 

233; 100, pp. 199-200]. Similar equilibrium equations can be written for the 
formation of diatomic molecules of Na, Ca, Sr, etc., for the formation of compounds 
containing P, Ca and O and Al, Ca and O, and for the formation of ionized particles. 
The equilibrium constant of a particular case considered at atmospheric pressure 


depends upon the temperature of the flame; the element Al provides a good 
example. Fig. 14 (a) and (b) presents the emission spectrum of Al, excited in the 
outer cone of a premixed C,H,—air and C,H,—O, flame. The emissions obtained in 
the cooler C,H,—air flame contain the weak line spectrum of the neutral Al atoms 
as well as the relatively strong bands of the AlO molecules. The hot C,H,—O, 
flame produces only the atomic emissions, the molecular radiations being absent 
since the corresponding AlO molecules are dissociated at the temperature of 
3100°C of this flame. Similar but less dramatic observations can be made for Ca, 
Sr, Ba and Mg excited in these two flames [100, Plate III,, [V, and VII). When a 
salt of calcium or of a mixture of Na and Li was supplied to the split premixed 
flame of propane—air, the emission pattern shown in Fig. 15 (a) and (b) was obtained. 
The visible change in color, resulting from the differences in excitation conditions 
encountered by the metals as they pass through the various zones of chemi- 
luminescence, reduction and oxidation, suggest that a study of these radiation 
conditions may be of theoretical and practical value. 

Another phenomenon which can be interpreted by the probable formation of a 
refractory oxide is presented by uranium. The excitation energy for the resonance 
state of this element is of only 1-44 eV, well below that of Na, K and Rb. Nonethe- 
less, it is impossible to produce an atomic radiation of U in the C,H,—air or in the 
(,H,-oxygen flames. The only emission recorded is that of a continuous back- 
ground. From this fact it must be concluded that in these flames U is not available 
in the state of free atoms, but rather in the form of a stable compound which can 
neither be dissociated nor excited at the temperatures produced by these flames 
[100, p. 200]. From the data collected by Brewer [15] it can be seen that the 
dissociation energy per gram atom of oxygen of UO, it about 170 keal, compared 
with only approximately 100 keal for the alkaline-earth oxides, and this fact 
seems to reinforce the above hypothesis. 

These considerations | 100, p. 200, equation X V—16] suggest that the sensitivity 
of excitation for elements capable of forming in the flame refractory oxides or 
hydroxides might be enhanced when a reducing flame is used. This suggestion 
seems to find a confirmation in the experiments described by Knutson [85] who 
obtained a notable increase in the emission of Mg when a reducing (rich) C,H,—O, 
flame was used, and this in spite of the resulting temperature drop. It would 
therefore be interesting to study the excitation conditions in a flame possessing at 
the same time a high temperature and high reducing property [102]. Such con- 
ditions are offered by the atomic hydrogen flame or ‘Torch of Langmuir’ [60a], 
in which the recombination energy of hydrogen atoms is the source for the high 
temperature of 3377°C [147]. This possibility was discussed earlier [2, pp. 25, 26), 
but until to-day no use has been made of this flame as an excitation source in 
analytical flame spectroscopy. The only work done with the Langmuir torch has 
been limited to the study of its own radiation [121, 122, 126, 128]. 
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A flame characteristic known for a long time is its high electrical conductivity, 
and also the property of being distorted by an electrical field. Experimental 
evidence for these facts can be found in the works published by Voira and ERMAN 


at the beginning of the eighteenth century, but an interpretation of these 
characteristics was offered only 100 years later by Turrs, who suggested for the first 


time that ions resulting from chemical reactions during the combustion process 


might be responsible for this behavior. Measurements of ion concentration in 
hydrocarbon flames burning in air have produced the value of 10'? jons/em® for 
the reaction zone, and a much lower concentration being found in the outer cone 
of unsalted flames. When salts were added, a similar difference was measured. 


The authors’ names mentioned above were taken from the ninety-two references 


appending an extensive review on the mechanism of ion formation in flames. 


published recently by CaLcorer [21], and this outstanding study will be summarized 


in our discussions. 


The various hypotheses offered to explain the mechanism for the formation of 
ions in combustion processes are: thermal ionization, presence of impurities (Na, 


K, Ca) having a low potential of ionization, reaction intermediates and products, 


carbon particles, ionization via translational energy, cumulative excitation and, 
finally, chemi-ionization. A quantitative analysis of these mechanisms has shown 
that the most probable source of ions may be chemi-ionization. From the point of 
view of analytical flame spectroscopy the formation of ions is important since jt 
affects the form of calibration curves {3} for alkali metals at low concentration. 
When ionization occurs in the alkali elements, the atomic configuration of the 
resulting ion is that of a noble gas. The excitation of such a configuration requires 
more than l5eV and, since such high energies are not available in combustion 
flames, the ionized alkali metal cannot be brought into radiation. For this reason. 
an increase in temperature of the flame is not necessarily followed by a correspond- 


ing increase in radiation intensity or, from our point of view, of the detection 
sensitivity 


Droplet size in an atomized solution* 


This parameter is not a combustion characteristic, but. since it affects the 


radiation of flames, it will be discussed briefly. The size of an atomized particle 


depends on its surface tension, viscosity and density, and the temperature. Further, 


it varies with the velocity of the atomizing gas and with the ratio of solution to 


gas volumes. These factors were studied extensive ly by NukryaMa and TANAsawa, 


who described the results in numerous papers, published mostly in Japanese, 


sometimes followed by short English summaries. Fortunately, an English trans- 


lation of the more important contributions is now available and permits a direct 


and eas\ study 


In addition to the well-known equation relating the diameter of droplets to the 


above-mentioned factors, Nukryama and Taxasawa have shown that. when the 


velocity of the atomizing air varies from 50 to 350 m/sec, the mean diameter of 


atomized droplets decreases rapidly from 65 4 to about 10 «. A further increase in 


the air speed is practically without effect. From this result it can be concluded 


* 100, 103, 105, 142 
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Fig. 14. Emission spectra of Al excited in an acetylene—air and 


acetylene oxygen pre 
mixed flames made with a Hilger medium-quartz spectrograph 
with a slit of 15 4 on orthochromatic plates. (a) Acetylene air flame, 100,000 p.p.m. Al. 
300 sec, The atomic and molecular emission is visibk b) Acetylene 


50000 Al, 30sec. Only the atomic emission is detectabl 


The sper trograms are 


oxygen flame 


100. Plates VITL-2 and 3 


Fig. 15 (a) 
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Fig. 16 (hb) 


Fig. 16. (a) Reproduction of a schlieren photograph of an air stream flowing through a 

nozzle at a supersonic velocity. Pressure maxima and minima are clearly visible. (b) Tur 

bulence produced when an air stream of supersonic velocity hits an impact wall. Courtesy 
of J. HARTMANN ef al. (61). 


Fig. 17. Photomicrograph of water droplets obtained with an atomizer functioning at a 
pressure of 2.5 atm and provided with an impact wall. The droplets of the relatively 
homogeneous spray have an average diameter of 10 4 [ 100, p. 56). Magnification 150 


Fig. 16 (a) 
17 
196] 


Flame characteristics and emission 


that the pneumatic atomizers used in analytical flame spectroscopy will operate 
in best condition of constancy when the velocity of the air flow is at least equal or 
above that of sound. This condition can be achieved in any atomizer when the air 
pressure equals or exceeds | kg/em®* (or 15 lb/in®). In this case the appearance of 
the air stream at the atomizer nozzle takes the form shown in Fig. 16 (a). These 
schlieren photographs were obtained by HARTMANN et al. [61]. The succession of 
pressure maxima and minima, resulting from the supersonic flow conditions, is 
readily distinguished. The output of an atomizer of droplets having a mean 
diameter of 10 ~ can be improved by placing an impact wall in front of the nozzle 
at a distance of one or a multiple of pressure maxima. The resulting turbulence is 


Fig. 18. Reproduction of the four atomizers used by FirceK. (a) atomizer—burner, 
(b-—d) indirect atomizers. Courtesy of M. Fircex. 


shown in Fig. 16 (b). A comparison made with two pneumatic atomizers function- 
ing at a pressure of 2-5 atm, one of which was provided with the impact wall, has 
shown an increase in total output of atomized solution for the latter unit of about 
60 per cent. A count of droplets distribution has indicated that the simple atomizer 
produced 30 per cent of 10 «4 droplets as compared with 50 per cent obtained with 
the atomizer equipped with the impact wall. The resulting spray is shown in Fig. 
17. This result is of importance since it has been shown by ALKEMADE and Voor- 
Huts [4] and Fr_cex [38] that the size of droplets plays a role in the interference of 
phosphorus on the emission of calcium. FiLcek used the four types of pneumatic 
atomizers shown in Fig. 18, operating in comparable conditions, and found the 
maximum interference of 92 per cent for atomizer (a), followed by 62 per cent for 
(b), 15 per cent for (c) and, finally, only 0-5 per cent for atomizer (d). 


Acknowledgement—The author wishes to express his sincere gratitude to Mr. R. C. HuGues for 
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Uber die Ultraviolettabsorption des trans-n-Hexatriens-(1:3:5) 
und des Cyclohexadiens-(1:3) 


H. Scutier, E. Lurz und G. 
Forschungsstelle fiir Spektroskopie in der Max-Planck-Gesellschaft, Gottingen, Deutschland 


(Received 1 March 1961) 


Abstract—The ultra-violet absorption of trans-n-hexatriene-(1:3:5) in vapour phase is described. 
It has been shown that the band maxima are identical with those reported for cyclohexadiene- 
(1:3) by Henri and Pickett. For cyclohexadiene-(1:3), however, a continuous absorption 
without specific bands has been found, which starts at 4 = 2800 A. By irradiation of cyclo- 
hexadiene-(1:3) with ultra-violet light trans-n-hexatriene-(1:3:5) has been observed. This is a 
“model”-process for the formation of vitamin D, from ergosterine by irradiation. In addition 
results are compared with spectra of substances which are obtained by irradiation from benzene 


in EPA-solution at low temperatures. 


In EINER fritheren Arbeit haben Henri und Pickett [1] die Ultraviolettabsorption 
des Cyclohexadiens-(1:3) wiedergegeben und dabei, wie Abb. 1 zeigt, eine Anzah! 


2800 2700 2600 2500 2400 2300 2200 


A, 


Abb. 1. UV-Absorption nach Henri und Pickett, angegeben fiir das Cyclohexadien-(1:3). 


Banden gefunden, die sie als charakteristische Banden des Cyclohexadiens-(1:3) 
gedeutet haben.* Bei Absorptionsuntersuchungen des trans-n-Hexatriens-(1:3:5) 
in der Gasphase, das uns Herr Prcwav nach der Methode von ALDER und BRACHEL 
[3] hergestellt und gaschromatographisch gereinigt hat, haben wir, wie Tabelle | 
zeigt, eine gute Ubereinstimmung der Lage der Absorptionsmaxima des trans-n- 
Hexatriens-(1:3:5) mit den Banden gefunden, die Henri und Pickett dem 


* Diese Deutung wurde auch in [2] Wiedergegeben. 

| V. Henri und L. W. Pickert, J. Chem. Phys. 7, 439 (1939). 

| Handbuch, Landolt-Bérnstein, Atom- und Molekularphysik. 3. Teil. Molekeln Bd. II, 8. 262. Julius 
Springer, Berlin, Gottingen, Heidelberg (1951). 

{[3) K. Acper und H, von Bracnet (unter Mitarbeit von K. Katser), Ann. Chem. Liebigs 608, 195, (1957). 
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Tabelle 1. Absorptionsbanden in der Gasphase 


trans-n-Hexatrien-(1:3:5) 2513 2435 2412 


Cyclohexadien-(1:3) nach Henri und Pickett 2512 2436 2414 


4 


2800 2700 2600 


. UV-Absorption des trans-n-Hexatriens-(1:3:5) in Gasphase, aufgenommen mit dem 
mittleren Hilger-Quarz-Spektrographen, Multiplier RCA I P 28. 


2800 2700 2600 2500 2400 2100 
. 


Abb. 3. UV-Absorption des Cyclohexadiens-(1:3) in Gasphase, aufgenommen wie Abb. 2 
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Uber die Ultraviolettabsorption des trans-n-Hexatriens-(1:3:5) und des Cyclohexadiens-(1:3) 


Cyclohexadien-(1:3) zugeordnet haben. Daraus folgt, dass es sich hier um eine 
Absorption der gleichen Substanz handeln muss. 

In Abb. 2 ist die Absorptionskurve wiedergegeben, die wir mit reinem trans-n- 
Hexatrien-(1:3:5) in Gasphase aufgenommen haben. Vergleicht man Abb. | und 2, 
so sieht man, dass in Abb. | die Banden einem Kontinuum iiberlagert sind, das 
bereits etwa bei 2800 A beginnt, wiihrend in Abb. 2 die Absorptionskurve des 
trans-n-Hexatriens-(1:3:5) erst unterhalb von 2600 A ansteigt. 

Herr Prowat hat nun aus dem trans-n-Hexatrien-(1:3:5) nach ALDER und 
BRACHEL [3] Cyclohexadien-(1:3) hergestellt und zweifach gaschromatographisch 
gereinigt. Die mit diesem Cyclohexadien-(1:3) in Gasphase aufgenommene Absorp- 
tionskurve ist in Abb. 3 wiedergegeben. Sie zeigt einen kontinuierlichen Verlauf 
mit einem Maximum bei 2 = 2500 A und keine spezifischen Banden. 


Cyclohexadien— (| ,3) trans-n-Hexotrien —(1,3,5) 


CH 


3 CH(CH ==CH-CH-CH-(CH,) 
CH(CH,)CH ==CH-CH -CH-(CH,), CH, 


CH, 


CH, 


Ergosterin Vitamin Dp 


Nach einer 2}-stiindigen Belichtung dieses Cyclohexadiens-(1:3) in Gasphase 
mit einer Wasserstofflampe vom Typ H 308 von Zeiss, erhielten wir das in Abb. 4 
wiedergegebene Absorptionsspektrum. 

Dieses wurde auch schon nach einer }-stiindigen Einstrahlung schwach beobach- 
tet. Die auftretenden Banden sind mit denen des trans-n-Hexatriens-(1:3:5) 
identisch. Hiermit ist gezeigt, dass sich durch eine Einstrahlung des H,-Konti- 
nuums aus dem Cyclohexadien-(1:3) trans-n-Hexatrien-(1:3:5) bildet. 

Offensichtlich ist bei Henri und Pickerrt [1] der Cyclohexadien-(1:3) Absorp- 
tion die Absorption des trans-n-Hexatriens-(1:3:5) tiberlagert. 

Die Umwandlung von Cyclohexadien-(1:3) in trans-n-Hexatrien-(1:3:5) durch 
UV-Bestrahlung, stellt gewissermassen den “‘Modell’’-Prozess dar, der, worauf uns 
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Herr H. Dannenberg, Miinchen, freundlicherweise aufmerksam gemacht hat, fiir 
die Umwandlung von Ergosterin in Vitamin D, verantwortlich ist. 

Das Auftreten eines Kontinuums bei Cyclohexadien-(1:3) einerseits und einer 
Bandenstruktur beim Ergosterin andererseits, ist darauf zuriickzufiihren, dass 
beim Ergosterin im Gegensatz zum Cyclohexadien-(1:3) die Bewegungsfreiheit der 
Atome innerhalb des gesamten Molekiils stirker eingeschrankt ist. 

Das fiir die Absorptionsuntersuchungen in der Gasphase verwendete trans-n- 
Hexatrien-(1:3:5) haben wir in Hexan gelést und die Absorptionsmaxima erhalten, 
wie sie in Abb. 5 zu sehen und in Tabelle 2 angegeben sind. In der Tabelle sind 


2800 2700 2600 2500 2400 2300 


A, A 


Abb. 4. UV-Spektrum, aufgenommen nach 2}-stiindiger Bestrahlung des Cyclohexadiens- 
(1:3) in Gasphase, mit einer Wasserstofflampe vom Typ H 30 8 von Zeiss. 


ausserdem die Befunde von ALpER und Bracuet [3], sowie von Woops und 
SCHWARTZMAN [4], die das trans-n-Hexatrien-(1:3:5) nach einer anderen Methode 
hergestellt haben, zum Vergleich wiedergegeben. 

Wie man aus Tabelle 2 ersieht, schwanken die gefundenen Werte fiir die Absorp- 
tionsmaxima je nach Lésungsmittel um héchstens 25 A. Dies ist die gleiche 
Schwankungsbreite, die man auch bei Absorptionsuntersuchungen des Benzols 
findet, wenn man es in verschiedenen Lésungsmitteln untersucht [5]. Henri und 
Picketr [1] haben bei ihren Untersuchungen iiber das Cyclohexadien-(1:3) in 
Lésung von Hexan folgende Absorptionsmaxima angegeben: 2653 A und 2560 A 
und 2475 A. Die hinreichende Ubereinstimmung dieser Werte mit denen der Tabelle 
2 ist ein weiterer Hinweis dafiir, dass diese von Henri und Pickert gefundenen 
Banden dem trans-n-Hexatrien-(1:3:5) zuzuordnen sind. 

Vergleicht man nun diese in verschiedenen Lésungen gefundenen Werte mit 
den in der Gasphase gewonnenen, die in Tabelle | wiedergegeben sind, so stellt man 
eine ungewoéhnlich grosse Verschiebung von 150 A fest. 

Es liegen nun noch weitere Angaben iiber Absorptionsbanden des Hexatriens 
(4) G. F. Woops und L. H. Scuwarrzman, J. Am. Chem. Soc. 70, 3394 (1948). 


[5] M. Macat und N. Mater, Spectres d’ Absorption des Liquides, Solutions et Solides. Hermann, Paris 
(1943). 
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Uber die Ultraviolettabsorption des trans-n-Hexatriens-(1:3:5) und des Cyclohexadiens-(1:3) 


vor, siehe Tabelle 3 [6-8]. Es handelt sich hier nach Auffassung der unter [6—8] 
genannten Verfasser um die Entstehung des Hexatriens aus Benzol, das in EPA- 
Lésung bei der Temperatur der fliissigen Luft, bzw. des fliissigen Stickstoffs, durch 
UV-Bestrahlung gewonnen wurde. Die Absorptionen wurden meistens nach 


2800 2700 2600 2500 2400 
aA, OA 


5. UV-Absorption des trans-n-Hexatriens-(1:3:5) in Hexan geldést. 


Tabelle 2 


Lésungsmittel Cyclohexan Hexan 


2680 2658 


Wellenlingen der 
Absorptionsmaxima 


(A) 


2580 PASS 


2470 2454 


Woops und SCHWARTZMAN ALDER und BRACHEL eigener 
[4] [3] Befund 


Erwirmen der EPA-Lésung auf Zimmertemperatur aufgenommen. GIBson ef al. 
[6] haben das erhaltene Zersetzungsprodukt gereinigt und in Methyleyclohexan- 
lésung untersucht. Sie sind zu dem Schluss gekommen, dass sich das Benzol bei 
der Bestrahlung in EPA-Lésung in das trans-n-Hexatrien-(1:3:5) umgewandelt 
hat. Die Diskrepanz zwischen ihren Befunden (1. Bande bei / 2760 A) und dem 


G. E. Grason, N. BLake und M. Kaw, J. Chem. Phys. 21, 1000 (1953). 
I. NorMAN und G. Porter, Proc. Roy. Soc. London 230, 399 (1955). 
S. Leacu, E. Micrrpicyan und L. Grascar, J. chim. phys. 749 (1959). 
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fesultat von Woops und ScuwarrzMan [4] (1. Bande bei 4 = 2675 A) erklirten 
sie dadurch, dass Woops und SCHWARTMAN eine Mischung von trans- und cis-n- 
Hexatrien untersucht hitten. Nach unseren Befunden haben jedoch Woops und 
SCHWARTZMAN die Absorption des reinen trans-n-Hexatriens-(1:3:5) beobachtet, 
denn ihr Absorptionsbild stimmt mit dem unsrigen des trans-n-Hexatriens-(1:3:5) 
in Hexan, unter Beriicksuchtigung des Lésungsmittels, gut tiberein (es fehlt bei 
ihnen ebenfalls die Absorptionsbande bei 2760 A). Die bei Bestrahlung von 
Benzol in EPA-Lésung entstandene Substanz kann nach unseren Befunden nicht 
das trans-lsomer des n-Hexatriens-(1:3:5) sein. 


Tabelle 3 


EPA Isopentan 


Wellenlangen der 276 2766 2781 
Absorptionsmaxima 265 2659 2672 
(A) 2552 
et al. [6] NORMAN und PorTer [7] LEACH et al. |8 


Zusammenfassung 


Die Ultraviolettabsorption des ftrans-n-Hexatriens-(1:3:5) in Gasphase 


wird angegeben.* Es hat sich herausgestellt, dass die Bandenmaxima mit 
denen von Henri und Pickert fiir das Cyclohexadien-(1:3) angegebenen 
iibereinstimmen. Beim Cyclohexadien-(1:3) wurde dagegen ein kontinuier- 
liches Absorptionsspektrum ohne spezifische Banden gefunden, das bei / 
2800 A beginnt. Bei einer Bestrahlung des Cyclohexadiens-(1:3) mit UV-Licht 
wurde die Entstehung des trans-n-Hexatriens-(1:3:5) beobachtet. Dies ist ein 
*Modell’’-Prozess fiir die Entstehung des Vitamins D, durch Bestrahlung aus 
Ergosterin. Ausserdem werden die Ergebnisse mit den Spektren von Substanzen 
verglichen, die man bei der Bestrahlung von Benzol in E.P.A.-Lésung bei tiefen 
Temperaturen erhalt. 

Anerkennungen—Fir die Herstellung und gaschromatographische Reinigung der benutzten 
Substanzen sei hier auch Herrn Dipl.-Chem. Prehal und Herrn Koch gedankt. Die Untersu 


chungen wurden mit dankenswerter Unterstiitzung der Deutschen Forschungsgemeinschaft 
durchgefiuhrt 


* Inzwischen uns eine Arbeit von Price u. Walsh Proc. Roy. Soc. London 185, 182 (1946) bekannt 
geworden. Die dort angegebenen Absorptionsmaxima stimmen innerhalb einiger A mit unseren iiberein. 
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Frequenzen und Normalkoordinaten der nicht-ebenen Normal- 
schwingungen von symmetrischen ortho-, meta-, 1:3:5- 
und hexasubstituierten Benzolderivaten 


G. NONNENMACHER und R. Mecke 
Institut fiir Physikalische Chemie der Universitat Freiburg i. Br. 


(Received 21 March 1961) 


Abstract— Using the model described by Wutrren [1] the frequencies of the out -of-plane normal 
vibrations and the normal co-ordinates of symmetrically substituted benzene derivatives 
including the ortho-, meta-, 1:3:5- and hexa-forms have been calculated. The calculated fre- 
quencies are compared with the frequencies observed in the Raman and infra-red spectra, and 


Einfiil 

Die meisten IR-aktiven nicht-ebenen Normalschwingungen der Benzol-derivate 
sind wie die A,,-Schwingung des Benzols leicht erkennbar an ihrer grossen Intensi- 
tat und an der typischen C- bzw. Gamma-bandenkontur in den IR-Spektren der 
gasfOrmigen Substanzen. Diese Merkmale sind nun aber nicht immer vorhanden 
(z.B. nicht bei der héchstfrequenten B,-Schwingung der meta-Derivate); ausser- 
dem liegen einige dieser Schwingungen im langwelligen IR-Bereich, der mit den 
iiblichen Spektrometern nicht mehr erfassbar ist. Auch zeichnen sich die entspre- 
chenden Ramanlinien nicht durch eine Besonderheit aus, die eine eindeutige 
Zuordnung erméglichen kénnte. Schliesslich gibt es bei den symmetrisch sub- 
stituierten o-, m- und 1:3:5-Derivaten ausser einer [R-aktiven Symmetrierasse 
der nicht-ebenen Schwingungen auch eine inaktive. Zwar sind die hierzugehérigen 
{amanlinien erlaubt aber im allgemeinen sehr schwach. Die D,,-Molekiile sind 
bekanntlich IR-aktiv in A,,, Raman-aktiv in £,, und IR- und Raman-inaktiv in 
B,, und E,,. Eine Berechnung der Normalschwingungen bedeutet deshalb beim 
Zuordnungsproblem eine grosse Hilfe, wie die Arbeiten von KLEE [2,3] und ScuMip 


an assignment is given. 


et al. {4-6) gezeigt haben. 


Das Modell und die Modellrechnung 


Es wurden daher die nicht-ebenen Normalschwingungen und Normalkoor- 


dinaten einiger symmetrisch substituierten 0-, m- und 1:3:5-Benzolderivate berech- 
net mit der Potentialfunktion und den Kraftkonstanten von WuirreEN {1}, die 
sich schon friiher bewihrt hatten [4-8]. Weiterhin erfolgte unter den gleichen 


D. H. Wutrren, Phil. Trans. Roy. Soc. London A 248, 131 (1955). 

W. E. Klee. Dissertation, Freiburg im Breisgau (1960). 

R. Mecxe und W. E. Kier, Z. Elektrochem. 65, 327 (1961). 

ec. W. Scumip, J. BRANDMULLER und G. Nonnenmacuer, Z. Elektrochem. 64, 726 (1960). 

2. W. Scumip, J. BRANDMULLER und G. Nonnenmacuer, Z. Elektrochem. 64, 940 (1960). 

. BRANDMULLER, E. W. Scumip, H. W. ScurOrrer und G. NONNENMACHER, Spectrochim. Acta 
523 (1961). 

A. C. ALBrecut, J. Mol. Spectrosc. §, 236 (1960). 
. C, J. Mol. Spectrosc. §, 256 (1960). 
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— 
17 
} 
[1] 
[2 
{3 
{4 
[5 
[7] 
{8} 


G. NONNENMACHER und R. Mecke 


Voraussetzungen eine Abschiitzung der Eigenfrequenzen fiir die nicht-ebenen 
Normalschwingungen der symmetrisch hexasubstituierten Benzolderivate. 

Die inneren Koordinaten, die Potentialfunktion mit den Kraftkonstanten fiir 
das Benzol (die fiir alle Verbindungen unveriindert beibehalten wurden) nach 
WuirFeEN [1] und die in den G-Matrizen benutzen Bindungslangen sind nachstehend 
angegeben. Als Massen wurden die chemischen Atomgewichte eingesetzt, die CH,- 
und die OH-Gruppe wurden als starre Kérper aufgefasst. 


Abb. 1. 


Innere Koordinaten fur die nicht-ebenen Normalschwingungen von Benzol 


l 


l 
(z Ze) + (z 
2 1 


Uberzahligkeitsbedingu ngen: 
Giz > + + 


dy, dy, 
Auslenkung aus der Benzolebene. 


Bindungslinge C—C. 
bzw. Bindungslinge C-—H baw. C—X. 


6’ 2 } 
2) 
3) 
4 
a 
{ l 
] p (2 2) R 
Ye — 2, + — 2, etc. VOL. 
dro 2 Ze 2 (2. — Ze — 
/3 | 2) R (2, zy) 23°) > (z5 etc. 
2 l l 
$6) \/3 =5) R (2 (2 =) 23) 4 
dy, 2645 + d56 de dy, (27s 276 
R 
h 


Normalkoordinaten der nicht-ebenen Normalschwingungen von symmetrischen ortho-, meta-, 1:3:5- 


Potentialfunktion der nicht-ebenen Normalschwingungen von Benzol in inneren 
Koordinaten: 
2) Prey? + y “Pm! 
OR L 9q. R2 
Q Rd; Rb; 5.19 
2tyRry $),5+1) Rry 2,j—1 $51,542) 

Hierbei wird jeweils tiber sechs Werte von j summiert ausser in Fallen wie 
YiYjag3) WO) nur von J bis 3 lauft, weil fiir j > 3 dieselben Glieder in umgekehrter 
Reihenfolge enstehen. 

Kraftkonstanten 
P = 0,286 (10°dyn/em) Q = 0,029(10°dyn/em) 
Pe = 0.012 qo = —O0,010 
—0,022 t, = 0,014 


—0,017 t = 0,000 


Bindungslinge C—H 
Bindungslinge C—C 
Bindungslingen [9] 
(baw. 1,40 A fiir 0-D,, -F,, -Cl,, -Br,) 
OL. (bzw. auch 1,05 A fiir o-D,) 


a (bzw. auch 1,04 A fiir o-D,) 


A (baw. 1,35 A fiir 0-F,) 
A (baw. 1,71 A fiir 0-Cl,) 
A (baw. 1,89 A fiir 0-Br,) 


Nach der Methode von WiLson [10] werden aus den inneren Koordinaten y,, 


die inneren Symmetriekoordinaten S, und 7’, gewonnen mit Hilfe der 


und ¢,,,, 
Beziehung 
S” = Rt, 
S, oder 7, 
Ym oder 


innere Symmetriekoordinaten, die nach Anwendung der Symmetrie- 
operation aus hervorgehen. 
Charakter der irreduziblen Darstellung (Symmetrierasse) I” fiir die 


Svymmetrieoperation R&. 


Normierungsfaktor 


s, = 8-Vektor (siehe WILson [10)). 
L. E. Surrox, Tables of Interatomic Distances and Configuration in Molecules and Ions. Chemical 


Society, London (1958). 
E. B. Wursow, Jr., J. C. Dectus und P. C. Cross, Molecular Vibrations. McGraw-Hill, New York, 


1955). 


Py 
(—CH, 1,50 A 
C—OH 1,36 A | 
1,30 
1.69 
C—Br 1,84 
Zr 
N= 


A 


G. und R. Mecke 


Aus den bei Wrison [10] definierten s-Vektoren erhilt man die G-Matrix- 
elemente in inneren Koordinaten gemiiss 


Die F-Matrixelemente in inneren Koordinaten sind die Koeffizienten der oben 
angegebenen Potentialfunktion. Wenn fiir die Koordinaten die Transformation 


Ss” 


F(S S, baw. 
OS S,) = Up, Ge 
mit deren Hilfe die F- und G-Matrixelemente in inneren Symmetriekoordinaten 


gewonnen werden. Unter Beriicksichtigung der friiher angegebenen Bedingungen 


Tabelle 1. Charaktere und Auswahlregeln 


eliminiert man nun noch die tiberzihligen F- und G-Matrixelemente und hat 
schliesslich Beziehungen von der Art, wie sie fiir die irreduzible Darstellung 
(Symmetrierasse) A,” der symmetrischen 1:3:5-Derivate als Beispiel nachfolgend 
angegeben sind. Es sei hier erwihnt, dass die entartete Rasse E” der trisub- 
stituierten Benzole der Einfachheit halber nach dem Schema fiir B, der meta- 
Derivate berechnet wurde. 


Symmetriekoordinaten und F- und G-Matrixelemente fiir die nichtebenen 


Normalschwingungen der Rasse A,” (1:3:5-Substitution) 


. rel My, 
Masse des Atoms z. 
= Oe 
sees dey 
besteht, dann gilt fiir die F- und (-Matrixelemente die Transformation 
VOL. 
17 
196] 
Dy E Ce IR Ra Dy E IR Ra E C, IR Ra 
i, 1 M, ia Ay 1 M, ia | A, l dp 
B, l l l \ ia 2 l \ dp B, l dp 
E. 2 1 2 via 
Ys + Ys) 
\ 3 
So (Vo Ve) 
\ 3 76 
V3 
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(dog + + tiberzihlig 


V3 


F(S,S;) r(P + 2p,,) (8e* 


F(S,S,) = + P,) 


F(S,T,) = —2Rrt, GS,T,) = 
\ 


l 
F(S,S,) P 2p m ) ) ( 8c? 


F(S, T,) 2Rrt, G(S, T, ) 


4 
F(T,T,) = 2R7(Q — 245) G(T,T,) = 


~O.69118 LO.OL278 —0.06578 
() 28227 0.04204 


-O.18935 

S; Ss 
1.06343 — 0.56657 0.30376 
1.48850 —0,.79457 
75978 

Sy 
0.5032: 0.52074 0.23641 
1.48849 0.74166 


1.25719 

Das Eigenwertproblem konnte nun gelést werden in der Form 

(F —’G")X =0 
mit der elektronischen Rechenmaschine Z 22 der Firma Zuse KG nach einem 
Iterationsverfahren aus der Programmbibliothek des Instituts fiir Angewandte 
Mathematik der Universitat Freiburg i. Br.. Neben den Eigenwerten, die nach 

vy = 1303,4/(A) 
in Wellenzahlen umgerechnet wurden, ergaben sich als Eigenvektoren auch die 


* Aus vy =(1/2nc)\/ A, wenn die Massen in Atomgewichten, die Langen in A und die Kraftkonstanten 


in 10°dyn/em eingesetzt werden [10]. 
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| 4 l 
x 
9 
— — — 2c) | 
(—S8c* 2ch + - 
val 
l 
+ 4ch + h?) + h? 
H 
2 2 
= — 2x — he 
\ 3¢ \ 3H 
4 4 
3° + = x 
3H 3X 
F 
L S; e 
17 S, 
96] T 
1 
G(Ds) 
S; i 
S, 
T, 
(( Bry) 
S; 
Ss 
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Normalkoordinaten in inneren Symmetriekoordinaten und aus diesen durch 
geeignete Transformation unter Beriicksichtigung des Impuls- und Drehimpuls- 
satzes die Normalkoordinaten in kartesischen Koordinaten, normiert auf die 


Nullpunktsenergie. 
oe Die Erhaltungssdtze fir Impuls und Drehimpuls als Zusatzbedingung zur 
Bow Bestimmung der Normalkoordinaten (Eigenvektoren) 
Dg, 9 = Cz, + Xz, (Impuls) 
E,,: 0 = Cez, X(c + (Drehimpuls um die Y-Achse) 
ortho Ag: 0 = + — (c + Cez, + Hie - (ec +h) 


(Drehimpuls um die Y-Achse) 

ortho B,: 0 = Cz, + Xz, + Cz, + Hzy + Cz, + Hzy (Impuls) 
0 = Cez, + X(e + z)z, Cez, — H(e + h)z, 
(Drehimpuls um die X-Achse) 


meta A,: 0 = Cez, + X(e + x)z, + Cez, + He + hjze 
(Drehimpuls um die Y-Achse) 

meta B,: 0 = 2Cz, + 2Xz, + Cz, + Hzy + Cz, + Hzy + 2Cz, + 2Hz, 
(Impuls) 

z, + X(c + x)z, + Cez, + H(c + h)zy — Cez, — Hc + h)z; 


0 C'c2 
Cez. H(c + h)z, 
(Drehimpuls um die X-Achse) 


D,, A,”: 9 = Cz, + Xz, + Cz, + Hz, (Impuls) 


E” wird wie C,, meta- B, behandelt. In den Koeffizienten von Z,; und z, wird H und 
h durch X und z ersetzt. 


Ergebnisse der Modellrechnung Zuordnung der beobachteten 
Frequenzwerte 
Die Ergebnisse der Modellrechnung und die Zuordnung der beobachteten 
Frequenzwerte sind in Tabelle 2-5 zusammengefasst. 


Diskussion 

In Tabelle 6 sind die Bereiche angegeben, in denen die [R-aktiven nicht-ebenen 
Normalschwingungen zu beobachten sind. Als massgebend fiir die Verkniipfung 
der Schwingungen der Derivate mit denen des Benzols wurden neben der Lage der 


Frequenzen die Schwingungsformen (Normalkoordinaten) angesehen. 

Auffallend abweichend vom Mittelwert der beobachteten Frequenzen sind nur 
die Schwingungen von m-Difluorbenzol und Resorcin in B, besonders bei der 
Schwingung um 870 cm~!. Sie sind um etwa 20 em~ nach niedereren Frequenzen 


verschoben. 
Die in den Tabellen 3 und 6 zusammengestellten Ergebnisse bringen auch 
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VOL. 
17 
196] 
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Tabelle 2. Frequenzen der nicht-ebenen Normalschwingungen rv, (em!) von Benzol und 
seinen hexasubstituierten Derivaten 


C,H, C.D, 
beobachtet beobachtet 
IR Ra ber. IR IR 


gasf. fliiss. fliiss. gasf. 


Rasse und Schwin- 
Auswahl- = gungsform 
regeln fl1,12] [13] 


672 : 674 496 496 495 
842 
710 


850dp 848 662 663 [14] 659 


969 978 (812) 809 
404 405 356 


C.D, CCl, C,Br, 


Schwin- 


gungsform 


beob. ber. 16] ber. beob. beob. 


2151R 199 
700* 778 7171R ~ T00* 
168 249* 


356 370 Ra, 380 322? Ra[17] 332? 18} 
=H00* 618 595* 634 ~ 5g 600* 
118 5 119 


* Aus Kombinationsschwingungen im IR ermittelt. 


Klarheit in die von Karritzky und JoNEs [32] als fraglich bezeichnete Zuordnung 
der Gamma-Schwingungen in der Arbeit dieser Autoren iiber ortho-Benzolderivate. 
Die dort aufgefiihrte IR-Bande des o-Dichlorbenzols bei 816 cm~! riihrt tibrigens 
einwandfrei von einer Verunreinigung durch das para-lsomere her [5]. 

Die Ubereinstimmung der berechneten mit den beobachteten Frequenzwerten 
ist bei den Deuterobenzolen, fiir welche die benutzten Kraftkonstanten streng 
gelten sollten, besser als 2°,. Um den Einfluss einer Anderung der Atomabstinde 
erkennen zu kénnen, wurden fiir das o-Dideuterobenzol die Rechnungen mit den 
urspriinglich von WuirreEN [1] verwendeten Bindungslangen 1,05 und 1,40 A und 
mit den genaueren Werten 1,08 und 1,39 A durchgefiihrt und die Ergebnisse 
miteinander verglichen (vgl. Tabellen 3 und 5). 

E. B. Witson, Jn., Phys. Rev. 45, 706 (1934). 

A. LAnGsetu und R. C. Lorp, Jr., Kgl. Danske Videnskab. Selskab., Mat.-fys. Medd. 16, No. 6 (1938). 

K. W. F. Koutrauscn, Ramanspektren. Hand- und Jahrbuch der chem. Physik. 9, VI (1943) 

S. Bropersen und A, Lanosetru, Mat. Fys. Skr. Dan. Vid. Selsk. 1, No. 1 (1956). 

D. STEELE und D. H. Trans. Faraday Soc. 55, 369 (1959). 

D. STEELE und D. H. Wutrren, Trans. Faraday Soc. 56, 5 (1960). 


A. Daprev, A. Poncratz und K. W. F. Konirauscn, Sitzber. Akad. Wiss. Wien 141, 747 (1932). 
R. Paseau, Compt. rend. 212, 487 (1941). 
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IR Ra ber. 
fliiss. fliiss. 
Ay, M, ia | Il y | 672 
5 (992) 
B, V, ia 
29 4 | > 
Ey, v.dp 10 849 
17 Van 
E. V, ia 44,5 
Rasse 
Ag, 118 
Bay 
96] 302 
r 594 
’ 
45 
{17 
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Tabelle 3. Frequenzen der nicht-ebenen Normalschwingungen v, (em™!) 


1. o- Dideuterobenzol C,H 
Rasse Beobachtet [19] Berechnet 
IR IR Ra roo = 140A oc = 1,39 A 
gasf. fliiss. rep rou 1.05 A rep rou 1.08 A 


fliiss. 


988 983 » 

S91 894 

Ae 661 665 662 1 
( 385) 374 371 
(781) 779 773 783 1, 


954 9520 966 963 5 
B 781 (779) 805 78ly 
"2 385 399 392 1 


556 


2. o-Xylol 


Rasse 


Beobachtet Berechnet 
IR IR Ra 
gasf. 


970* 
860 862 dp 876 869 > 


930 9310 957 946 » 
B 741 7410 754 746» 
*2 435 433.0 433 438 425 1 


260 (21 


3. Brenzkatechin 
Rasse Beobachtet Berechnet 
IR IR Ra [23] 


gast. 


454 


299? 


S. BroperseN und A. Lanesetru, Mat. Fys. Skr. Dan. Vid. Selsk. 1, No. 7 (1959). 
20) E. Herz. Monatsh. Chem 76, 1 (1943). 

21) E. K. Pryier, Discussion Faraday Soc. 9, 100 (1950). 

22) M. A. Kowner und A. M. Bocomo.orr, Optika i Spektroskopiya 7, 751 (1959). 
23) K. W. F. Kouiravscn und A, Poncratz, Sitzber. Akad. Wiss. Wien 143, 358 (1934). 
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579 575C 582 577 
fl 
[20] [22] 
V Ule 
A, 740 704 1 17 
178 dp 197 183 
255 dp 2465 228 
a krist. fliiss. 
972 982 » 
A, 742 
4 §22 T 
204 200 
917 9120 958 y 
R 741 7400 755 y 
2 450 = 4411 
256 
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Tabelle ( Forts.) 


4. o-Difluorbenzol C,H,F, 
Rasse Beobachtet Berechnet 
IR IR Ra 
fliiss. fliiss. 
[24] 


968 
(847) 
703 


197 dp 


929.0 924 

7500 746 p 

451 C [24] 453 dp 
240 


5. o-Dichlorbenzol ‘ly 
Rasse Beobachtet Berechnet 
IR IR Ra [20] 
fliiss. gasf. fliiss. 


978 
854 
150 dp 
940 


7470 
4370 


6. o-Dibrombenzol C,H,Br, 
Rasse Beobachtet Berechnet 
IR IR ta [20] 


fliiss. gasf. fliiss. 


990 989 
854 854 


4947 
128 dp 


7450 746 

428 430 
217 dp 


(24) J. R. Nrevsen. Privatmitteilung, University of Oklahoma (1959). 
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985 y 
850* 877 » 
A, 737 
520 
176 
929 957 
750 754 y 
B, 441 r 
254 
T 985 y 
17 876 
A 732 1 
2 
6] 502 
136 
957 
B 747 | | 749 752 y 
438 428 dp 432 1 
237 dp 213 1, 
876 
A, 7317 
496 T 
940 956 y 
745 751 y 
B, 431 430 T 
196 T, 


G. NONNENMACHER und R. Mecke 


Tabelle ( Forts.) 


7. m-Dideuterohenzol C,H,D, 


Rasse Beobachtet | 19) Berechnet 
IR Ik 


fliiss. gasf. 


715 


977 977 C (970) 
923 9220 
S16 819 
699 697 C 

390 


569 5660 566 T, 


Beobachtet Berechnet 
Ik 


923 


528 

224 
17 

196) 


768 C 791 y 
698 703 r 
4290 433 

197 


n 


Beobachtet [27] Berechnet 


912/930 923 » 
612% 538 
230 


(962) (962) 
844,854 833 C 907 
766 TOC 762 793 
680/687 6760 703 
461 = 450 449 
206 


E. Herz, Sitcher Akad. Wiss. Wien 1§1, 94 (1942 
M. A. Kowner und A. M. Bocomoworr, Optika i Spektroskopiya 4, 301 (1958). 
G. NONNENMACHER und R. Mecke, Z. anal. Chem. 170, 127 (1959). 


~ A 2 375 374 
712 747, 
981 » 
927 
B S17 
- 
: 702 | 
391 
fluss. fliiss. 26) 
= 905)* 910 
1, 
226 dy ) 
O68 
S76 SUS : 
768 773 
B é 
2 690 691 
a 433 421 
187 
Rasse 
IR Ik Ra 
in KBr u. in Nuj gasf Lésg 
x-R 
‘ Qn 
vse 
= . 
4 
7 S45, 848 
773 
B, 
462 
L058 
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Tabelle 3 


( Forts.) 


325 


10. m- Difluorbe nzol 


{asse 
Ik 


fliiss. 


S81 


968* 


850 
770 
672 


456 


Beobachtet 


IR 
gasf. 


Ll. m-Dichlorbenzol ‘lL, 


Rasse 
IR 


fliiss. 


892? 


964" 
867 
773 
672 


433 


Beobachtet 
IR 
gasf. 


963? 

872C 
775C 
4320 


12. m-Dibrombenzol C,H,Br, 


Rasse 
Ik 


fliiss. 


894 
474? 


968? 
SOS 
769 
669 
427 


Beobachtet 
IR 
gast. 


872C 
770C 
6700 
4240 


ta | 25] 


fliiss. 


598 dp 
248 dp 


Ra 25] 
fliiss. 


3 


532 
212 dp 


(776) 


(429) 
176 dp 


Ra [28] 
fliiss. 


SSS 


199 


132 


Berechnet 


981 + 
906 + 
793 » 
702 
443 


215 


Berechnet 


981 
904 > 
786 
705 
27 


128 T, 


(28) K. W. F. Konzravuscn und Gr. Prinz YpsiLanti, Sitzber. Akad. Wiss. Wien 144, 417 (1935). 
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| 
= 924 
A, 542 
2311, 
855 C 
7700 772 dp 
= 4540 
| = 
17 A. 514 
96] 197 I, 
981 + 
905 
789 
B, 704 
430 
156 T, 
Berechnet 
922 » 
1 507 
A, 
B, 
= 
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Tabelle 3—( Forts.) 


Ty de ule rohenzol C,H,D, 


fluss 
697 


533 


714 


14. Mesitylen CH 


12 
Ik 
fluss 


S35 


Beobachtet [19 
Ik 


gast 
917 
531 


Beobachtet 
IR 


gas! 
835 
S70 dp 


224 dp 


oglucin 


Ik 
in KBr 
H,O 


Beobachtet 
Ik 
in KBr 
m 2H,0O 


S15 


Berechnet 


Berechnet 


881 


670 668 703 


923 + 
566? 537 T 
249 230 I, 
Trifluorbenzol 
Beobachtet [30 Berechnet 
IR IR Ra 
fliiss gasf. fliiss. 


847 847 S82 
O64 666 703 


923 
dp 543 
253 dp 249 I’, 


29) E. Herz und K. W. F. Siteber. Akad. Wiss. Wien 109 (1942). 
30) J. R. Nuecsex, Carye-Yu Liane und D. C. Smrrn, Discussion Faraday Soc. 9, 177 (1950). 


1060 


13. 1:3:)- 
IR Ra 
G19 » 
ray 
an 
Berechnet 
Ra [29] 
S79 » 
i, 740 
176 T, 
SSU 923 
528 
224 VOL. 
17 
; Lb. 196) 
Ra [23 
E 
16. 1:3:5 
Rass 
S45 
A HO5 
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Tabelle 3—~( Forts.) 


17. 1:3:5-Trichlorbenzol ( ‘gH! ‘ly 
Rasse Beobachtet 
IR IR ta [31] 
krist. gasf. fliiss. 


Berechnet 


850 S85: 875 > 

661 661 705 y 
126 
922 ; 
514 70 
197 


18. 1:3:5-Tribrombenzol ( ‘gH, Br, 


Rasse Beobachtet Berechnet 
Ik IR Ra [31] 
in KBr gasf. krist. 
847 8: S74 
656 706 T 
102 T, 
fe x 520 507 
17 175 184 


* Aus Kombinationsschwingungen (*‘Benzolfinger’’) ermittelt {32,33}. 
+ Ramanspektren von Resorcin gelést in Benzol bzw. in Dioxan hat freundlicherweise Herr A. 
SCHUHLY mit dem registrierenden Ramanspektrometer von Hilger und Watts aufgenommen. 
Banden bzw. Linien sind verdeckt durch Nachbarbanden bzw linien. 
C.|, C-— bew. Parallelbandenkontur im IR Spektrum der gasf. Substanz. 
p, p*, dp polarisierte, teilpolarisierte bzw depolarisierte Ramanlinie. 


Tabelle 4. Berechnete Frequenzen und Normalkoordinaten* von 
Benzol und seinen hexasubstituierten Derivaten (vgl. Abb. 1) 


| K. W. F. Kontravuscn, Monatsh. Chem. 76, 215 (1946). 
| A. R. Karrirzky und R. A. Jones, J. Chem. Soc. 3670 (1959). 


{31 
(32 
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“te 
Ay, | ras ra 
<2 <3 “4 25 
By, *4 “5 =6 
<2 =3 25 26 
Ey, (a) “1 “4 0 “2 “3 “5 =6 
} a. b b b b ~ b ~ a 
(0) “2 “3 | “5 “6 72 
V3 
| “3 “3 | “5 “6 “2 
/3 
~a ~a ~ a ~ a » 
“4 0 “2 “3 “5 “6 
} b b b 1 »~ b ~ b a 
(0) 22 *3 | 25 =6 
34 
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Tabelle 4——( Forts.) 


zy (10-8 A) Rasse 


Abb. 2. 


Bei den anderen Verbindungen sind die Diskrepanzen zwischen berechneten und 
beobachteten Daten selbstverstindlich grésser, da die Kraftkonstanten der CH,-, 
OH- und Halogenderivate von denen des reinen Benzols abweichen. Immerhin 
sind die gréssten Fehler bei den meta-Derivaten in A,” kleiner als 8°%. Zum Teil 
sind diese relativ grossen Fehler darauf zuriickzufiihren, dass die Eigenwerte nahe 
beieinander liegen und infolgedessen das Iterationsverfahren schlecht konvergiert. 

Schliesslich erhalt man auch fiir die hexasubstituierten Benzolderivate immer 
noch eine brauchbare Abschitzung der Frequenzlagen, wie das Beispiel der 
Hexafluorbenzols zeigt, fiir das SteeLe und Wuirren [15,16] eine komplette 
Zuordnung gegeben hat. 
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Rese (em!) =, (10-9 A) 
He 
1, 674 7 88 Ag, 495 12 70 
987 1] 64 842 +21 27 
; 3, 
Be, 710 22 46 Bay 588 61 
E, , (a) S48 13 SS ky , (a) 659 17 57 
E 978 15 76 E S09 + 22 47 
a) 
“au 405 34 82 au 346 29 83 
C.F, 
Ag, 199 38 24 Ag, 139 50 +17 
787 24 1.5 774 +24 l 
171 3 41 Bey 97 1.5 38 
E,, (a) 380 40 13 E,, (a) 320 +45 7 
6: 3: 5 59s LB5 2.5 VOL. 
E.. (a) 34 5 E..(a) 35 ) 
2u 119 13 60 2u 79 10 66 17 
* Normiert auf E, bh-c-y, 2r*c? m,; in em-). 
6 ¥ 2° 
x | 
5 3) 3) 
| | l x 
BS 2) 4) 4 
5’ 
(a) (b) (c) 
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Tabelle 5. Berechnete Frequenzen und Normalkoordinaten* (vgl. Abb. 2a—c) 


. ortho- Derivate 


Rasse v, (em!) 


0- Dideuterobenzol (roe 
988 
891 
A, 773 
665 


37: 


966 
805 
556 
399 


Dideuterobenzol (re A, rep rou 1,08 A) 
983 y 9 
894 
A, 783 
662 


371 


wt 
ot 


17 
961 963 
B, 781 


odd 


399 


o- Difluorbenzol 
O85 
877 
A, 737 


520 


0- Dichlorbenzol 
985 
876 
732 
502 


136 
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1,40 A, rep = Ton = 1,05 A) 
l 2 Ss L55 +17 100 
+13 26 16 96 8 51 
30 50 63 10 13 
4 62 24 25 25 55 
Zz: 30 +85 5 —6 33 74 
3 +6 +15 94 10 - 63 
B 16 +39 +10 43 +16 —100 
2 22 | 79 5 
+13 - 53 40 84 21 48 
51 18 96 ; 
8 L 5] 
- 7] 11 +12 
| 29 23 60 
|_| + 30 7 32 76 
6 +12 +18 90 11 L 55 
13 + 34 7 50 +13 108 
22 + 86 J 78 4 45 
|| 14 60 43 95 + 22 59 
l 0 9 5l 18 98 
l 18 102 8 55 
32 +2 16 58 Is 23 
|| - 31 7 +14 31 79 
176 6 51 44 73 34 66 
957 5 +] 18 90 12 61 
B 754 10 2 72 13 —118 
2 441 -33 5 31 102 13 +17 
254 45 27 31 32 28 78 sf 
}-7 18 104 8 55 
31 0 17 56 19 27 
+ 33 3 +42 31 80 
|__| 18 + 34 61 103 40 70 
957 4 0 18 90 12 61 
B 752 9 + J 10 74 13 121 
; 432 31 2 34 104 15 24 
213 57 16 28 25 34 86 t 
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Tabelle 5—( Forts.) 


meta- Derivate 


Rasse 


meta- Dideuterobenzol 
935 

A, 714 
374 


meta-Difluorbenzol 
924 

A, 542 
231 


981 
906 
793 
702 
443 


215 


meta-Dichlorbenzol 
922 

A, 514 
197 


981 
905 
793 
704 
430 
156 


te 


3. 1:3:5:-Derivate 
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2. 
Bo % 2s 
23 6 ras 
my, (crm) 2, Ze Ze Ze (10-3 A) 
10 19 20 106 0 0 0 0 
28 74 2 54 0 0 0 0 
25 +82 37 s4 0 0 0 0 
Os] 0 0 14 73 8 35 21 108 
927 13 24 -4 16 +27 140 5 +24 
B 817 15 27 14 70 l 48 13 +120 
‘ 2 702 21 10 16 S4 - 16 77 24 2 
566 12 92 15 28 i) + 63 14 8S 
391 16 61 +17 51 44 93 37 83 
7 l 21 lil 0 0 0 0 
45 7 13 63 0 0 0 0 
21 31 57 105 0 0 0 0 
VOL. 
0 0 14 74 7 31 21 110 17 
10 l 2 3 28 152 7 37 196] 
‘ B +17 2 17 74 7 14 10 130 
: 21 l 15 SS 15 +81 24 6 
23 3 22 32 28 Ys 39 lll 
|_| 32 44 l 34 69 SY 3 + 29 
6 0 21 112 0 0 0 0 
45 +3 17 67 0 0 0 0 
34 17 63 114 0 0 0 0 
: 3 l 14 69 11 30 20 109 
8 2 2 28 154 8 +41 
19 17 +71 4 3 10 122 
17 15 84 20 SH 26 
25 21 32 27 05 40 lll 
46 a | l 37 86 118 15 59 
E* (a) 2,° z,° 0 z,° 
“2 “6 “3 
(b) 2,” 2z,° z,° 22, 
v (3) 22” v (3) 
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Tabelle 5 


~-( Forts.) 


Rasse (em™?) Ze zy (10-8 A) 


1:3:5-T rideuterobenzol 
919 13 25 16 77 
702 6 


527 4 93 14 35 


935 
KE” (a) 714 29 76 2.5 60 
374 


1:3:5-Trifluorbenzol 
882 13 2 18 82 
A,” 703 + 22 0 16 84 
189 


3:5-Trichlorbenzol 


875 13 O05 Is S4 
A, 705 + 22 0 16 81 
126 45 


922 f 
(a) 514 48 
197 


* Normiert auf £, bh-e-y, -m,- 2,2 (vy; in em-), 


Tabelle 6* 


Benzol 
ortho- B, meta-B, 1:3:5-A, 
(cm 


) 


. 875-835 (923) 850-815 (918) 992 
960-915 (954) 970-960 (977) 969 
750-735 (781) 775-755 (816) 849 
yy 700-670 (699) 685-655 (697) 710 
I 450-430 (385) 455-425 (390) 404 
300-215 (579) 200-130 (569) 200-100? (533) 672 


* Die eingeklammerten Werte entsprechen o- und m-Dideutero- und 1:3:5-Trideuterobenzol. 


Damit erweist sich die Modellrechung als tatsichliche Hilfe fiir das Zuordnen 
insbesondere der im [R-Spektrum nicht erfassbaren und im Ramanspektrum nicht 
eindeutig erkennbaren Eigenschwingungen selbst dann, wenn man auch fiir 
substituierte Benzole niherungsweise die Kraftkonstanten des Benzols einsetzt. 
Einen Anhaltspunkt, wie man die Kraftkonstanten der jeweiligen Verbindung 
besser anzupassen vermag, gibt die Arbeit von SteeLE und Wuirren [16]. Hierzu 
sei die Bemerkung erlaubt, dass individuelle Kraftkonstanten—fiir jedes Molekiil 
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923 7 l 21 109 
EE” (a) 543 43 6 14 66 
249 21 - 30 55 100 
L 
17 | 
96] 0 21 103 
3 17 71 
17 62 114 
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richtig gewaihlt—natiirlich auch exakte Molekiildaten liefern, aber den Nachteil 
haben, das Schema fiir eine gesamte Molekiilart verlassen und jedes Molekiil 
einzeln berechnen zu miissen. 

Wautrren [33] und Kakrvuti [34] erkliren die Kombinationsschwingungen im 
IR-Spektrum der Benzolderivate zwischen 1600 und 2000 cm~ (‘Benzolfinger’’) 
als Summen der y- und [-Schwingungen zwischen 700 und 990cm~!. Diese 
Grundschwingungen sind teilweise verboten oder intensitaitsschwach. Durch 
Vergleich der berechneten Daten und der Lage der beobachtbaren Grund- und 
Kombinationsschwingungen kann man nun die Frequenzen der nicht direkt 
beobachtbaren Eigenschwingungen genauer festlegen. Die in den Tabellen 2 und 3 
mit einem Stern versehenen Frequenzen wurden auf diese Weise ermittelt, und 
unsichere Zuordnungen wurden geklirt. Von Vorteil waren hierzu die IR-Spektren 
der gasférmigen Substanzen (im Bereich 1600-2000 em~! mit dem Leitz-Spektro- 
graphen mit Gitter aufgenommen), da aus den Bandenkonturen in den Spektren der 
Xylole und Difluorbenzole die Symmetrierassen der Kombinationsschwingungen 
erkennbar sind. Auch die auffallenden Doppelbanden in den IR-Spektren von 
Hexachlor- und Hexabrombenzol (1297 und 1346 bzw. 1252 und 1294 em~') finden 
eine Erklirung als Folge einer Fermiresonanzaufspaltung zwischen der [R-aktiven 
E,,,-Grundschwingung und der Kombination 


E.. x B (700 + em~'!). 
lw 


29 


Die Normalkoordinaten (Tabellen 4 und 5) geben einmal ein anschauliches Bild 
der Schwingungsformen und deren Verinderung beim Ubergang zu schwereren 
Substituenten; zum andern kann man mit ihrer Hilfe die Intensitaten der IR- 
aktiven Eigenschwingungen abschitzen, da 


gilt {1}. Man findet auf diese Weise als bemerkenswertes Ergebnis eine Erklirung 
fiir die geringe Intensitat bzw. fiir das Fehlen der héchstfrequenten B,-Bande der 


meta-Derivate im IR-Spektrum. Das so berechnete Intensititsverhiltnis dieser 
Bande zu den iibrigen dieser Symmetrierasse ist nimlich rund 1:1000. Die 
Intensititen der iibrigen IR-Banden sind dagegen alle von vergleichbarer 
Gréssenordnung, ein Befund, in dem Rechnung und Experiment auch iiberein- 
stimmen. Ahnlich findet man rechnerisch in der Symmetrierasse B, der ortho- 
Derivate fiir die Schwingungen bei 930, 740 und 440 cm~' ein Intensititsverhialtnis 
von rund 1:50:5 im Einklang mit der Messung. In A,” der 1:3:5-Derivate sind die 
beobachtbaren IR-Banden gréssenordnungsmassig intensititsgleich, was ebenfalls 
aus der Rechnung resultiert. 


Experimentelles 
Die IR-Spektren wurden mit den Perkin Elmer-Geriten-Modell 21 (mit NaCl- 
und KBr-Prisma) und Modell 137 (mit KBr-Prisma), sowie mit dem Infrarot- 
Spektrographen von Leitz (mit einem 75 Strich/mm-Gitter) aufgenommen. 
33!) D. H. Wuirrey, Spectrochim Acta A 253 (1955). 


34! Y. Kaxiuti, J. Chem. Phys. 25, 777 (1956). 
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Die verwendeten Substanzen waren stets nach den iiblichen Verfahren gereinigt 
worden. Hexadeuterobenzol (99,5°%, von Merck, Canada) stellte dankenswerter- 
weise Herr Dr. H. Krenrrz, BASF, Ludwigshafen zur Verfiigung. 


Anerkennungen—Herrn Professor Dr. H. GOrrTLeR danken wir fiir die Erlaubnis zur Benutzung 
der elektronischen Rechenmaschine Z 22 (Zuse KG.) im Institut fiir Angewandte Mathematik 
der Universitat Freiburg im Breisgau und seinen Mitarbeitern Herrn Dr. Th. Geis und Herrn 
Dipl. Math. A. LeHMann fiir ihre stets freundlich gewahrte Hilfe bei der praktischen Durch- 
fiihrung dieser Rechnungen. 

Herrn Dr. W. E. Kee und Herrn Dr. E. W. Scumip schulden wir Dank fiir wertvolle 
Anregungen. Besonders sei Herr Dipl. Chem. H. KroOmer, der die Ausgangsdaten fur die 
Berechnung der ortho-Derivate zusammengestellt hat, fiir seine Hilfe bedankt. Der Deutschen 
Forschungsgemeinschaft, Bad Godesberg, und dem Fonds der Chemischen Industrie, Diisseldorf, 
mochten wir fiir die uns gewahrte Unterstiitzung danken. 
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Abstract—The infra-red spectra of Cr(C,H,)., | 
[W(CgH,).]I and V(C,H,),, and the Raman spectrum of have been 


measured. The assignment of vibration frequencies suggests that the symmetry of the cation of 


dibenzene chromium is Dy». 
1. Einfiirhung 


Fir das von Fiscnuer und Harner [1] erstmals dargestellte Di-Benzol—Chrom, 
Cr(C,H,),, war durch Kristallstrukturuntersuchungen [2]* ein zentrosymmetrischer 
Bau nach Art der bekannten Doppelkegel’’—oder “‘sandwich”’ 
Komplexe festgestellt worden. In vélliger Ubereinstimmung damit wurde das 
Dipolmoment Null gefunden [3]. 

In der bald einsetzenden theoretischen Diskusssion der Bindungsverhiltnisse 
entwickelten sich zunichst verschiedene Vorstellungen. Einerseits wurde aus 
zum Teil experimentellen Griinden eine Bindung etwa nach Art des Cr (CO), vom 
Zentralmetall an die Liganden postuliert [4], méglicherweise unter dreizihliger 
Verformung der Benzolliganden. Andererseits stand dem die Auffassung einer 
Bindung der Ringe an das Zentralatom mit Erhaltung der sechs-zihligen Symmetrie 
des Benzols gegeniiber |5,6], wobei versucht wurde, die beim Ferrocen, Fe(C,H,)o, 
auf Grund der M.O.—Methode entwickelte Bindungsvorstellung auf das Di—-Benzol 
Chrom (DBC) zu iibertragen [7]. Zeitweilig hat man sogar eine kovalente 
Einfach—Bindung zwischen Metall und Ring in Ewrigung gezogen. 

Der wesentliche Punkt der Auffassung [4] von Fiscuer und Rvucu, nimlich 
die teilweise Einbeziehung der 12 7—Elektronen der Liganden in die Elektronen- 
bahnen des Zentralmetalls unter Bildung einer kovalentkoordinativen Bindung 
mit aufgefillter |Ser—Schale wird heute weitgehend als zutreffend angesehen [6,8,9]. 


* Vor kurzem wurde uns das Manuskript einer vorlaufigen Mitteilung einer vollstandigen Rént- 
genuntersuchung zuganglich gemacht {26|. Darin wird fiir den neutralen Komplex die Symmetrie Dgq 
gefunden 


E. O. Fiscuer und W. Harner, Z. Naturforsch. 10b, 665 (1955). 

E. Werss und E. O. Fiscuer, Z. anorg. u. allgem. Chem. 286, 142 (1956). 

F. Jecionex, Nature, Lond. 187, 871 (1960) 

E. Werss, Z. anorg. u. allgem. Chem 7, 236 (1956) 

E. O. Frscewer und E. Ruca, E. O. Fiscuer und H. P. Fritz, Recent Advances in Inorganic 
Chemistry and Radiochemistry (Edited by E. Suarre) Vol. 1. p. 55. Academic Press, New York (1959). 
H. H. Zeiss, M. Teursers, L. Onsacer. Abstract of the 126th meeting of the American Chemical 
Society, New York (19054 

H. C. und L. E. Orcer. Pers. Mitteilung. 

4. D. Lrewr und C. J. Batinausen, Acta Chem. Scand. 11, 207 (1957). 

J. W. Laoxwert, Trans. Faraday Soc. §2, 904 (1956) 

M. E. levest. Ahad. Nauk S.S.S.R. 1025 (1959). 
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Wir stellten uns nun die Aufgabe, durch vollstandige Zuordnung der Schwin- 
gungsspektren einer Reihe von Di-Benzol—Metall-Komplexen eine Entscheidung 
zwischen den oben genannten theoretischen Alternativen zu versuchen. Eine 
Lésung des Problems auf spektroskopischem Weg ist nur dann zu erwarten, wenn 
sich die verschiedenen Bindungsmdéglichkeiten in ihrer Symmetrie bzw. den sich 
daraus herleitenden Spektren charakteristisch unterscheiden. 

Wir berichteten bereits friiher [10a] iiber IR-Befunde am festen Cr(C,H,),, die 
auf eine D,,-Symmetrie hindeuteten, sowie in einer kurzen Mitteilung iiber einige 
Ergebnisse unserer Untersuchungen am [Cr(C,H,).| [10b]. Ein darin angegebener 
Analogieschluss von der sechszihligen Symmetrie des Kations auf eine ebensolche 
des neutralen Komplexes hat sich als nicht stichhaltig erwiesen. Ferner liegt von 
SNYDER eine interessante Arbeit tiber die [R-Spektren von kristallisiertem Di- 
Benzol-Chrom-h,, und -d,, bei -170° vor [1 la]. 

Unsere Beobachtungen stimmen mit denen SNypeERs im wesentlichen iiberein, 
dagegen weichen unsere Zuordnungen in einigen Punkten von denen dieses Autors ab. 
Da wir unsere Zuordnungen im folgenden noch einmal eingehend begriinden, gehen 
wir hier nicht auf die Einzelheiten dieser Abweichungen ein. Im folgenden teilen 
wir unsere bisher vor allem am [Cr(C,H,).]*-Kation vorliegenden Ergebnisse zur 
Klirung des oben beschriebenen Problems mit, obwohl noch einige erwiinschte 
Experimentalergebnisse wie etwa das Raman-Spektrum des Cr(C,H,), ausstehen. 


2. Allgemeine Auswahlregeln und spektroskopische Erwartungen 

Bei den im folgenden dargelegten Uberlegungen unterscheiden wir formal 
zwischen den Frequenzen der Liganden und des Gesamtkomplexes (GK): bei 
diesen letzteren werden die beiden Benzolringe als jeweils starre Gebilde angesehen. 
Wir haben im folgenden eine Unterteilung in 

(1) eine Analyse des Spektrums der Liganden und 
(2) des Gesamtkomplexes (GK) vorgenommen. 

Dabei kénnen sich die Spektren im Extremfall in zweifacher Weise darstellen, je 
nachdem wie stark die Kopplung zwischen Schwingungen der beiden Liganden 
iiber das Zentralmetall ist bzw. angenommen wird: 

|. Nimmt man eine wesentliche Kopplung an, so sind die Auswahlregeln der 
betreffenden Punktgruppen auf das Gesamtmolekiil anzuwenden. Auch unter 
Beriicksichtigung des réntgenographisch ermittelten Symmetriezentrums liisst sich 
die Struktur der einzelnen Liganden dann noch nicht eindeutig festlegen. 

2. Im Grenzfall fehlender Kopplung wird sich das Schwingungsspektrum als 
eine Uberlagerung der Teilspektren des Quasi-Dreimassenmodells (Ring-Metall- 
ting) mit dem eines oder beider Liganden ergeben. Dieses Verhalten zeigt sich bei 
einer ganzen Reihe von im Prinzip aihnlich gebauten Verbindungen, bei denen 
allerdings zwischen den drei Massen nur normale, kovalente Einfach-Bindungen 
vorliegen, z.B. beim [Cr,0,;]*~, dessen Spektrum die Uberlagerung des gewinkelten 
Dreimassenmodells (O,Cr)-O—(CrO,) und der trigonalen Pyramide CrQ, ist {1 1b}. 
H. P. Frrrz und W. Lirrxe, International Conference on Co-ordination Chemistry, London, April 

1959. Special publication No. 13, 123, The Chemical Society, London, (1959). 

|10b) H. P. Frerz, W. Lirrxe, H. Stammrercu und R. Forneris, Chem. Ber. 92, 3246 (1959). 


|lla| R. G. Sxyper, Spectrochim. Acta, 15, 807 (1959). 
H. Stammreicu, Spectrochim. Acta 13, 192 (1958). 
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Dabei wiren die Liganden als “gestérte’ Benzolringe anzusehen, die ihre 
é-zihlige Symmetrie behalten haben, denen aber durch die komplexe Bindung 
eine C,.-Symmetrie aufgezwungen worden ist. Tabelle | gibt eine vergleichende 


Ubersicht der Zahi der inneren Schwingungen der Liganden fiir einige wichtige 
Strukturmdéglichkeiten. 


Tabelle 1. Anzahl der Ligandenschwingungen 
verschiedener Strukturen 


Modell Des C, (local symm.) 


Kopplung ohne 


Raman : 13 
IR 7 7 
Vv, 20 14 


innerhalb der sechszahligen Symmetrien ist also eine Unterscheidung zwischen 
den Kopplungsméglichkeiten (1) oder (2) nicht zu erreichen. Nun diirfte aber die 
erste bei diesen kovalent-koordinativ gebundenen Verbindungen praktisch immer 
gelten, wihrend die zweite kaum sicher zu erweisen sein diirfte. Zudem deutet 
unseres Erachtens das Auftreten relativ grosser Wechselwirkungsglieder bei der 
Berechnung der Kraftkonstanten auf eine merkliche Kopplung zwischen dem Ring 
und Zentralatom hin. Da ausserdem die nach D,, oder D,, fiir den Gesamtkomplex 
zu erwartenden Normalschwingungen mit denen fiir die einzelnen Liganden nach 


(',, identisch sind, wird diese Entscheidung fiir die spitere Diskussion nur wenig 


(b) 


Abb. |. Schematische Darstellung einiger Strukturformen des Dibenzolchroms. 


Bedeutung erlangen. Wir beschrinken im folgenden unsere Erérterungen (1) auf 
die Annahme einer Kopplung zwischen den Schwingungen der beiden Liganden 
und (2) auf die Zugrundelegung des friher fiir Cr(C,H,), gefundenen Symmetrie- 
zentrums [2] auch fiir das [Cr(C,H,),|*-Kation. 

Als iiberhaupt diskutable Strukturen fiir die Einzelliganden erschienen uns die 
sechszihligen Symmetrien D,, und C,, sowie die dreizihligen D,,, D,, und C3, 
sinnvoll. Da sich jedoch auf Grund der oben gemachten Einschrinkungen die 
Notwendigkeit ergibt, die Ligandenspektren nur im Rahmen des Gesamtkomplexes 
zu betrachten, miissen die Spektren der Liganden den Auswahlregeln der Punkt- 
gruppen des GK gehorchen. Fiir diese wiederum wiiren zunichst D,,, D,,, C,,, 
S,,, Dg,, Ds, und Cy, zu diskutieren. Das réntgenographisch festgestellte Inversions- 
zentrum lisst von den genannten Gruppen jedoch nur D,, und D,, als sinnvoll 
erscheinen. Wegen der verschiedenen Liganden-Svmmetriemoglichkeiten kann man 
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also mittels des Schwingungsspektrums nur die Symmetrie des GK sicher festlegen. 
In Abb. 1 sind zum besseren Verstandnisdrei Grundtypen von méglichen Strukturen 
des Doppelkegelmolekiils dargestellt. 

In Abb. | (a) hat sowohl das Gesamtmolekiil, als auch jeder Ligand fiir sich die 
Symmetrie D,,, in Abb. 1 (b) jeweils D,, und in Abb. | (c) zeigt das Molekiil die 
Symmetrie D,,, wihrend die Liganden zur Gruppe D,, gehéren. 

Fiir die beiden Gesamt-Molekiilsymmetrien des Kations ergeben sich demge- 
miiss aus den allgemeinen Auswahlregeln folgende spektroskopische Erwartungen: 


Tabelle 2. Allgemeine Auswahilregeln fiir die Punktgruppen D,, und D,, 


Dep IR s. K. Dag 


Liganden 


CK 


Liganden 7 
GK 3 
Insgesamt 10 


21 Insgesamt 


Die entarteten Schwingungen wurden dabei einfach gezahlt. 


Die GK- und inneren Schwingungen der Liganden werden in spaiteren Abschnit- 
ten eingehend diskutiert; hier soll nur kurz auf folgende Eigentiimlichkeit 
hingewiesen weren: Wegen der Zentrosymmetrie muss fiir die Schwingungen des 
Komplexes das Alternativverbot gelten. Da jedoch fiir die inneren Schwingungen 
der Benzolliganden nur mit schwacher Kopplung zwischen Gleich- und Gegentakt- 
bewegung (vgl. Abschnitt (4)) zu rechnen ist, kénnen fiir diese (evtl. nur geringe) 
Frequenzaufspaltungen, d.h. Pseudokoinzidenzen (Ps. K.) erwartet werden. 

Experimentelles Kriterium zur Unterscheidung zwischen den beiden Sym- 
metrien D,, und D,, ist also einerseits die Anzahl der jeweils auftretenden Normal- 
schwingungen, zum anderen die Anzahl der Pseudokoinzidenzen und, was von 
grosser Bedeutung ist, als drittes die Anzahl der nur Raman-aktiven Normal- 
frequenzen. 

In der Numerierung der Ligandenfrequenzen folgen wir Wr_son [12] und 
bezeichnen die Gleich- bzw. Gegentaktfrequenzen », bis 7, jeweils durch die 
Indices s bzw. as. Fiir die sechs GK-Frequenzen ergeben sich anschliessend die 


Nummern bis 


3. Gesamtkomplexspektrum und Frequenzprognose 

Die Struktur des Di-Benzol-Chrom-Molekiils legt es nahe, die Normalschwin- 
gungen des Gesamtmolekiils aufzuteilen in die inneren Schwingungen der Benzolli- 
ganden einerseits und in diejenigen des als quasi-Drei-Massen-Modell mit starren 
Benzolringen betrachteten Gesamtkomplexes (GK) andererseits. Diese letzteren 
liegen, wie spiter gezeigt werden wird, so niedrig, dass (mit Ausnahme von 7,¢,.) 
keine wesentlichen Stérungen durch Benzolliganden-Frequenzen erfolgen. Dasselbe 
gilt auch fiir ihre Summationsbanden, wodurch deren Analyse sehr erleichtert wird, 
sobald man Raman- und IR-Spektrum in Hinden hat. Die in Tabelle 2 gegebenen 
allgemeinen Auswahlregeln werden fiir die beiden Gruppen D,, und D,, noch durch 


{12} E. B. Wiison, Jr., Phys. Rev. 45, 106 (1934). 


— 
IR Ra Ps. K. 
| 
13 20 7 | Fe 17 17 6 17 
2 3 2 l 
15 20 19 7 17 
‘ L 
96] 
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schematische Darstellung der Schwingungsformen und genaue Klassenangabe in 
Abb. 2 erliutert. Die beigefiigten Frequenzangaben beziehen sich auf [Cr(C,H,).|I; 
geklammerte Werte wurden aus der Kombinationsbandenanalyse ermittelt. 


Die Frequenzprognose geht von den Spektren dreiatomiger, linearer Molekiile 
mit schweren Atomen aus. Solche sind etwa im HgBr,, HgCl,, ZnCl, oder Zn Br, 


Ay (v, ia) 
A. (v, ia) 
303 


Se (v,M,) 

Pon 44 om 
Abb. 2. Schematische Darstellung der Schwingungsformen des Gesamt-Komplexes 
(Zahlwerte: Dibenzolchrom, vgl. Tabelle 7). 


bekannt, deren héchste Eigenfrequenzen bei 297, 415, 


200 bzw. 155 em! 
liegen | 13). 


Die Massenverhiltnisse und Bindungskonstanten an anderen Kom- 
plexmolekiilen legen ebenso wie der Vergleich mit entsprechenden am Ferrocen und 
einigen verwandten Verbindungen gemessenen Frequenzen [14-16] nahe, dass die 


(;K-Schwingungen auf alle Falle unter 600 cm~', wahrscheinlich sogar unterhalb 
von 500 em zu erwarten sind. 


R. Mecxe und F. Kerxuor, in Landolt-Bérnstein, Zahlenwerte und Funktionen Bd. I, Teil 2. 
Molekein 1. 8. 232. 


E. R. Liprrscorr und R. D. Newson, Spectrochim. Acta 10, 307 (1958). 
H. P. Frrrz, Chem. Ber. 92, 780 (1959). 
H. P. Frrrz und R. Scunerper, Chem. Ber. 93, 1171 (1960). 
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Fiir die Analyse des GK-Spektrums, besonders fiir die Uberpriifung des Alter- 
nativverbotes ist der Vergleich der IR- mit Raman-Daten entscheidend. Da 
Raman-Messungen an intensiv gefirbten Pulvern erfahrungsgemiss Schwierig- 
keiten bereiten, bot sich wegen seiner relativ guten Léslichkeit, seiner geringen 
chemiscken und relativ geringen Lichtempfindlichkeit vor allem das Jodid des 
(Cr(C,H,).|°-Kations an. Bei Untersuchungen der Substanzen in festem Zustand 
muss mit den Einfliissen des Kristallfeldes und dadurch mit einer Modifizierung 
der Auswahlregeln (von sechszihliger zu evtl. dreizihliger Symmetrie) gerechnet 
werden. Um diesen Einfliissen zu begegnen, wurden die Raman-Messungen am 
|Cr(C,gH,).|L in Wasser- und auch Methanol-Lésung, die des ungeladenen Komplexes 
in Benzol-Lésung ausgefiihrt, Die IR-Spektren simtlicher Verbindungen wurden 
ausser in KBr, in Hostaflon/Nujol, die des DBC-Kations noch in Wasser und 
Methanol und die des ungeladenen DBC-/,, und -d,, in CS,- und C,Cl,- Lésung 
sowie als Dampf bei 210°C aufgenommen. 

Die IR-Spektren der wissrigen Lésung unter Verwendung von Arsensulfid- 
Fenstern fielen nur wenig befriedigend aus; sie erlaubten es jedoch, den Einfluss 
des kristallinen Zustandes auf einige intensive Normalschwingungen zu eliminieren. 
Kbenso erbrachten die Messungen in Hostaflon/Nujol als Einbettungsmittel keine 
neven Gesichtspunkte. Da besonders bei den GK-Frequenzen keine Koinzidenz 
zwischen Ra-Banden und IR-Spektrum und umgekehrt beobachtet werden, kann 
man den Einfluss der Lagegruppe C, des krist. Zustandes fiir Di-Benzol-Chrom 
ausschliessen. 

Die Betrachtung der in spiteren Abschnitten eingehend beschriebenen GK- 
Spektren zeigt eindeutig, dass beim Jodid das Alternativverbot streng befolgt wird, 
so dass mit Sicherheit eine zentrosymmetrische Struktur resultiert. Offenbleiben 
muss zunichst noch, ob D,, oder D,, als zutreffende Punktgruppe anzusehen ist, 
da fiir diese beiden gleichartige Auswahlregeln fiir die inneren Schwingungen (val. 
Abb. 2) gelten. Eine Entscheidung hieriiber bringt erst die Analyse der Liganden- 
spektren. Fiir die Homologen ist in Analogie zum Di-Benzol-Chrom eine verwandte 
Struktur zu erwarten. (V(C,H,), kristallisiert jedoch nicht mehr kubisch, wie 
Cr(C,H,).. sondern monoklin!) [17]. Durch Messungen nicht zu erfassen ist die 
[R-aktive Deformations-Schwingung des linearen Dreimassenmodells »,, und die 
total inaktive Torsion vy... Fiir die erste ist dies aus experimentellen Griinden noch 
nicht mdglich, da fiir sie ein Erwartungsbereich um 150 cm~'! naheliegt, fiir die 
zweite haben Versuche an einem mechanischen Schwingungs-Modell eine Lage bei 
etwa der doppelten Frequenz der Deformationsschwingung, d.h. etwa bei 300 em~! 
ergeben. 

4. Ligandenspektrum und Frequenzprognose 

Die formale Behandlung dieses Problems fiihrt zu dem in Tabelle 3 wieder- 
gegebenen Bild: 

Die Analyse des Spektrums, insbesondere die Frequenzprognose erfordert 


jedoch tiber die Auswahlregeln hinaus eine naihere Charakterisierung der Schwin- 


gungsformen der Liganden. Diese lassen sich am einfachsten veranschaulichen, 
wenn man von den bekannten Schwingungsformen des freien Benzol-Molekiils 


17! E. Wetss. Unverdéfftl Untersuchungen. 
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Tabelle 3. Schwingungsformen der Liganden 
g 


Dep Ra * Dy, 
Gerust y 5 2 (rerust 
C—H 1! C—H 


Insgesamt : 20 7 Insgesamt 


Die entarteten Schwingungen wurden dabei einfach gezahit. 


[18,19] ausgeht und beriicksichtigt,dass der Komplex jeweils zwei iiber ihr Zentral- 
metallatom mechanisch gekoppelte Ringe enthalt. Im Verein mit der zentrosymme- 
trischen Struktur ergibt sich dann, dass jede Eigenschwingung des freien Benzol- 
molekiils im Komplex zweifach, nimlich einmal als “‘Gleichtakt-Schwingung” 
(d.h. in gleicher Phase) und zum anderen als ““Gegentaktschwingung’ (d.h. mit 
um 180° verschobener Phase), auftritt. 

Abb. 3(a) und (b) zeigt dies am Beispiel der totalsymmetrischen Pulsation »,. 
Damit lisst sich sowohl fiir D,,-, als auch fiir ),,-Symmetrie herleiten, in welche 
Schwingungsklassen des Komplexes die entsprechenden Schwingungsklassen des 
freien Benzols iibergehen. Diese Korrelationen werden durch Tabelle 4 deutlich 
gemacht. 


(D) 


Abb. 3. Schwingungsformen der totalsymmetrischen Schwingung des Benzols im Gesamt- 
komplex. 


Nachdem in Tabelle 3 die prazisierten Auswahlregeln bzw. Korrelationen 
gegeben sind, lisst sich die Frequenzprognose fiir die Schwingungen der Liganden 
geben. Wir gehen dabei von den heute genau bekannten Frequenzwerten des 
freien Benzols aus [19]. 

Dabei ist allerdings zu beriicksichtigen, dass durch die Kopplung der beiden 
Liganden im Komplex keine Frequenzgleichheit, sondern die schon erwaihnte 
Aufspaltung in Gleich- und Gegentakt-Frequenz zu erwarten ist. Bei der Fre- 
quenzprognose ist fiir die ebenen Schwingungen der Benzol-Liganden mit einer 
vergleichsweise schwachen Kopplung zwischen beiden Ringen und damit nur mit 
einer relativ geringen Frequenz-Aufspaltung zu rechnen. Gleichzeitig sollte auch 


18) C. K. INGoup et al., J. Chem. Soc. 912, 1210 (1936); 222 (1946). 
19| S. Bropersen und A. Lancsern, Mat. Skrifter Danske Videnskab. Selskab. 1, No. 1 (1956). 
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die Abweichung von den entsprechenden Frequenzen des freien Benzols nur klein 
sein. Des weiteren scheint uns die Annahme plausibel, dass durch die Wirkung der 
sindungskrafte zwischen den Liganden und dem Zentralmetall die Stabilitaét des 
Benzolringes gegeniiber Bewegungen senkrecht zur Ringebene erhéht wird; daher 


Tabelle 4. Korrelation der Schwingungen des freien Benzolmolekiils 
mit denen des Benzols als Komplex-Ligand 


Komplex-Benzol nach Dg, Benzol Komplex-Benzol nach D,, 


Gegentakt Gleichtakt Dep Gleichtakt Gegentakt 


A, M.) (p, ia) A,, ia) 
A,,, (Vv, ia) (V, ia) Ay, (v, ia) 
Ax, ia) Ay, (v, M,) 

By, (Vv, ia) (v, ia) 
By, ia) ia) 
By, (Vv, ia) (V, ia) 
(v, ia) (dp, ia) (dp, ia) }, (dp, ia) 

E,* (dp, ia) ia) (Vv, ia) (Vv, My) (dp, ia) 
(v, My) (dp, ia) (dp, ia) }, (dp, ia) ‘4 (Vv, M,) 


(dp, ia) "(v, M,) M,) M,) (dp, ia) 


2u 


erwarten wir die Frequenzen der nicht-ebenen Schwingungen im Vergleich zu den 
entsprechenden Werten des freien Molekiils erhéht. 

Aus Tabelle 4 erkennt man folgendes Verhalten der Frequenzen: Es gibt bei 
D,,-Symmetrie: 

(1) Schwingungen, von denen nur die eine Komponente I[R-aktiv, die andere 
daftir Raman-aktiv ist und umgekehrt: beide sind aus der gleichen Eigenschwin- 
gung des C,H, hervorgegangen. Ist bei solchen Schwingungen die Aufspaltung in 
Gleich- und Gegentakt-Frequenz nur gering, so ergibt sich fiir Raman- und 
IR-Frequenz eine Pseudokoinzidenz. 

(2) Es treten zudem sechs Eigenschwingungen auf, die nur Raman-aktiv sind. 
Diese diirfen bei D,,-Symmetrie daher kein Gegenstiick im IR-Spektrum haben. 

(3) Es gibt schliesslich Frequenzen, die weder IR- noch Raman-aktiv sein 
diirfen, d.h. total inaktiv sind. 

Wahrend bei D,,-Symmetrie diese Dreigliederung besteht, ist bei D,,-Sym- 
metrie nur eine zweifache Aufteilung zu erwarten. Wie aus aus Tabelle 4 hervor- 
geht, kénnen hier entweder nur: 

(1) solche Frequenzen auftreten, die in Pseudokoinzidenz sowohl im IR- als 
auch Raman-Spektrum zu beobachten sind oder. 

(2) solche, die total inaktiv sind. Ausschliesslich Raman-aktive Banden fehlen 
bei D,,-Symmetrie. 

5. Spektren und Frequenztabellen 

Wir haben nun die [R-Spektren von Cr(C, He)». 
Cr(CgDgjo, [1 ‘gH, W(C,H,)o. [W( und V(C,H,), sowie das 
Raman-Spektrum des[{Cr(C,H,).|l und (-im Bereich tiefer Frequenze n-)des neutralen 
Cr(C,H,). aufgenommen. 


96] 
ind) 


Tabelle 5. Raman- und IR-Frequenzen von Di-Benzol-Chrom-Komplexen 


Raman Spektrum des Ik Spektren von 


ere Cr(C 
Cr(CgH,)o}* I 2 


in K Br oder 


als D f 
Nujol/Hostafion in KBr in Lésung 


(bei 210°) 


in wissriger Losg. 


279 (50) p 270 (50) scharf* 
333 (10) 332 (10) diffus* 
420 (0)? 415 (10) 418 (0) 
423 (9) sh 425 (7) 
406 (0) 459 (10) 459 (10) 
490 (9) 490 (9) 
520 (O00) 512 (00) 
(0) 626 (00) 
673 (1) 
694 (2) br 702 (4) br 
736 (00) 726 (0) 723 (2) br 
742 (00) 769 (0) 756 (1) br 
(6) 795 (10) br 794 (10) 789 (10) 
SOS S57 (0) br 832 (2) S828 (3) 
(1) 
940 1 942 (1) br 
963 (2) 
972 975 (6) 971 (8) (9) 
999 (7) (6) 


(4) br 1012 (5) sh VOLe 


1022 (2) 17 
1069 (1) (00) 196) 
1114 (1) 
1124 (1) 
1137 1137 (1) 
1143 1142 (6) 
1258 251 
1280 1285 
Isle 1308 
1340 
(0) 
1412 (0) 
1430 (6) 1426 (8) (6) 
1470 (0) 1452 (0) (0) 
1553 (0) 1540 (0) (th) 
(0) 1570 (0) (0) 
1603 (1) 1603 (0) 
1605 (00) 
1620 
1647 1654 1652 (1) 
1690 (: 1695 (2) 
1733 1757 1757 (2) 
1773 
1795 
| 1840 (1) 
1988 (2045 (6)) 
2740 
2004 (2) 2932 (2) 


3040 (t) 3058 


3074 (6) 
3005 (30) sbr 


* Raman-Banden 
* Diese Bande tritt nur in CS,-Lag. auf 


| 
3 
723 
S2S 
S60 
973 
| 
1004 (4) 
1148 
1280) (3) br 
1440 (8 
1493 (2) 
1620 
3) s.br 
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Bei den kationischen Komplexen des Mo und W sowie beim Raman-Spektrum 
des Cr(C,H,), sind nur die beobachteten GK-Frequenzen angefiihrt. Tabelle 5 
und 6 bringen die Ergebnisse dieser Messungen. Dabei sind die geschitzten relativen 
Intensititen der IR-Banden in einer von 1-10 reichenden Skala angegeben. 

Die Abb. 4 bis 8 zeign eine Reihe von typischen Spektren. 


Abb. 4. Infrarotspektrum des kristallisierten Dibenzolchroms (C,H,),Cr°. (Kurve A: als 
KBr-Scheibe, Kurve B: in Hostaflon-6l-Suspension (2-7,5 4) und in Nujol-Suspension 
(7,5-29 


6. Diskussion und Zuordnung der Banden des [Cr(C,H,).) - Kations (vgl, Abb. 8) 


Unter Vorwegnahme des wichtigsten Ergebnisses dieser Untersuchung werden 


im folgenden Abschnitt die beobachteten und berechneten Frequenzen stets in 
Klassen der Punktgruppe D,, eingeordnet (vgl. Tabelle 3). 
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Tabelle 6. IR-Frequenzen von Di-Benzol-Metall-Komplexen 


Cr(C gD). Mo(C,H,), [ I ViC 


in KBr in KBr in KBr 
362 (9) 333 331 (8) 306 424 (10) br 


In KBr 


In Losung 


423 (10) 424 (10) 410 387 (10) 378 470 (7) 
455 (4) 
479 (10) 
(1) 
(1) 
669 (0) (1 672 (0) 


(0) 
735 (1) 727 (0) 

752 734 (3) br 742 (10) 
773 (10) (10) 
800 (0) 
(4) 


S38 (0) 


S82 


(4) 
SSO SOL 


802 (00) 


920 (00) 


929 (10) G28 (10) 915 (0) 
931 sh 933 (3) sh 
953 (0) 955 (1) 966 (10) 963 (6) O57 (8) 
O68 (1) 
876 (0) 982 (0) O95 (8) 976 (sh) 
(b) USS (4) 
1033 (5) 1021 (0 1009 (1) 
+ L030 (2) 1030 (2) 1022 (1) 
1049 (1) 1046 (1) 1099 (0) 
1104 (3) 1104 (1) L110 (0) 
1121 (0) 1127 (0) 
1133 (0) 1133 (00) 1131 (1) 1125 (1) 1134 (4) 
1235 (00) 1256 (1) 1216 (1) 1240 (3) 
1271 (1) 1271 (3) 
1282 (0) 
1321 (2) 1319 (2) 
1337 (0) 
1378 (3) 1379 (3) 1374 (1) 1372 (2) 
L387 (0) 
1420 (3) 1425 (10) 1412 (6) 1415 (6) 
1441 (5) 
1458 (4 1439 (2) 
1475 (th) 
1508 (0) 1508 (00) 
1562 (0) 1541 (00) 
1632 (0) 1560 (00) 
1686 (0) 1653 (1) 
1701 (0) 
1733 (0) 1767 (2) 
(2045 (6))* 2043 (00) 


2125 (0) 
2212 (0) 

2254 (8) 2252 (4) 2857 (2) 2849 (1) 

2265 sh 2267 (3) sh 2916 (5) 2898 (2) 2928 (00) 
3040 (00) 3030 (3) 3012 (5) 3062 (1) 


se Bande tritt nur in CS,-Lag. auf. 
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(a) Frequenzen des Gesamtkomplexes als Drei-Massen- Modell 

A,,(p. ia). Die bei 279 em~' auftretende Raman-Frequenz ist stirkste Bande 
des Raman-Spektrums des [Cr(C,H,), Jl. Sie ist polarisiert und damit der einzigen 
A,,-Schwingung des GK, der sym. Valenz-Frequenz y,,, eindeutig zuzuordnen. 
Die entsprechende Bande findet sich beim ungeladenen Komplex bei 270 em~!, 


$000 


Abb. 5. Infrarotspektrum des gelésten Dibenzolchroms (C,H,),Cr® in CS,-bzw. C,Cl,- 
Lésung (Schichtdicke | mm). 


wihrend aus der Analyse der Kombinationsbanden fiir Cr(C,D,), ein Wert von 
etwa 255 cm~! ermittelt wurde. 

A,,(v, ta). Da die innere Torsion »,. sowohl 1R- als auch Raman-inaktiv sein 
muss, konnte fiir sie nur aus der Kombinationsbanden-Analyse ein Wert von ca. 
303 em~! wahrscheinlich gemacht werden. Dieser Wert lisst sich durch Versuche 
an einem schwingenden mechanischen Modell bekraftigen: fiir r = v. ergibt sich 
hiernach ein etwa doppelt so hoher Wert wie fiir die ebenfalls unterhalb von 400 
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em~! zu erwartende Deformationsschwingung v,, der Klasse F,~. Fiir die unge- 
ladene Verbindung errechnet sich entsprechend etwa 305 cm~'. 

A,,(v, M.). Die im Raman-Spektrum eindeutig zuzuordnenden beiden Normal- 
schwingungen des GK »,, und y,, liegen 54 em~' auseinander, wobei die sym. 
Valenz-Schwingung niedriger als die sym. Ring-Kipp-Schwingung auftritt. 


Abb. 6. Infrarotspektrum des Dibenzolchroms (C,H,), Cr® als Dampf (Kurve A). Kurve 
B: Benzol-Dampf. Schichtdicke 9 em, Temperatur 210°C, 


Somit méchten wir ahnliche Verhaltnisse bei den entsprechenden antisymmetrischen 
Schwingungen annehmen und der antisymmetrischen. Valenz-Schwingung r,, beim 
(Cr(C,H,).jl die Absorption bei 415 cm~! zuweisen. Die entsprechenden Banden 
liegen bei DBC-h,,, DBC-d,y,{ Mo(CgHg)o, W(CgHg). und 
V(C,H,). jeweils bei 459, 423, 333, 362, 306, 331 und 424em~!'. Der Einfluss der 
positiven Ladung auf die Lage der Bande ist auffillig. 

E, (dp,ia). Die intensive Raman-Linie des Kations bei 333 cm~'! liess keinen 
messbaren Polarisationsgrad erkennen; sie diirfte wahrscheinlich depolarisiert sein 
und wurde der symmetrischen Ring-Kipp-Schwingung »,, zugeordnet. Entspre- 
chend wurde die Raman-Linie bei 332 cm~' beim ungeladenen Komplex zuge- 
wiesen. 

E, (v, M,). Die Deformations-Frequenz »,, konnten wir mangels eines geeig- 
neten Spektrometers nicht direkt messen. Die Kombinationsbanden-Analyse 
liefert mehrfach einen Wert von 144cem~'. Aus Versuchen am mechanischen 


Modell ergab sich die Deformation r,,, in Ubereinstimmung mit der Erwartung 
(Deformation immer niedriger als Valenz-Schwingung), als niedrigste Frequenz. 
Fiir Di-Benzol-Chrom-h,, errechnet sich »,, zu etwa 140 cm~', fiir DBC-d,, mégli- 
cherweise zu 137 Fir Fe(C;H,;), wurde die Deformationsschwingung etwa 
halb so hoch gefunden wie die symmetrische Valenz [14]. Somit hier 279/2 


140 

Von den beiden beobachteten langwelligen IR-Banden wurde die kiirzerwellige, 
dem bei A,, Gesagten zufolge, der antisymmetrischen. Ring-Kipp-Schwingung »,; 
zugewiesen, die somit im {Cr(C,H,),]1 bei 466 cm~', bei 490, 479, 410, 424, 378, 
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KBr-Scheibe. 


Lésung (Schichtdicke 1 mm). 
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386 bzw.407 bei DBC-h,,, DBC-d,,, Mo(CgHg)o, 
W(C,H,), und V(C,H,). liegt. Tabelle 7 fasst die GK-Schwingungen nochmals 


zusammen. 
Tabelle 7. GK-Frequenzen von Di-Benzol-Metall-Komplexen 


Anti- 
Sym. Sym. Antisymm. 
Schwingungsform Torsion symm. ; Deformation 
Valenz Val Ring-Kipp Ring-Kipp 
aienz 


K lasse Ay Ay As BE; E; E; 


Frequenznummer 21 22 


Aktivitat 


Cri(CgHg), 270 (305) 459 332 490 (140) 
[(Cr(C H,),]I 279 (303) 415 333 466 (144) 
424 470 
Mo(C,H,), 362 424 
(Mo(C,H,),}I 333 410 
331 386 


306 378 


* Die Zuordnung von r,, und ist als vorlaufig auzusehen,. Erst Dampfmessungen konnten hier 


Klarung schaffen. VO! 

Eingeklammerte Werte sind aus Kombinationsbanden berechnet. 17 
196: 


(b) Frequenzen der Liganden 

Im folgenden Abschnitt werden die Liganden-Frequenzen des [(Cr(C,H,).]*- 
Kations erértert (vgl. Abb. 8). Kombinationen, die zu [R-Absorption fiihren, lassen 
sich im allgemeinen aus Tabelle 9 entnehmen. Es sollen deshalb hier nur einige 
Kombinationsbanden diskutiert werden; dagegen wird auf alle erfassbaren Normal- 
Schwingungen eingegangen. Errechnete Normalfrequenzen wurden nur dann 
akzeptiert, wenn sie mehrmals in Verbindung mit anderen Normalschwingungen 
zu beobachteten Kombinationsbanden fiihren. 

A,,(p.ia). Die Identifizierung dieser Banden ist durch die Messung des 
Raman-Depolarisationsfaktors leicht méglich. Es zeigt sich, dass bei 790 und 
972 cm~' Banden hoher Intensitaét liegen, von denen 972 cm~' als polarisiert 
erkannt ist. Die Analogie der im freien Benzol bei 993 cm~'! liegenden », zu der 
972 cm~!-Bande des Komplexes erscheint ohne weiteres plausibel. Da ¥,, eine 
Ring-Pulsationsschwingung ist, sollte beim Liganden nur eine kleine Frequenzver- 
schiebung erwartet werden. Anders ist es bei der 673 em~!-(A,,) y-CH-Defor- 
mation des friene Benzols, die als Gegentakt-Schwingung im Komplex zur Klasse 
A,, gehort. Hier ist mit Sicherheit eine wesentliche Beeinflussung der Bewegungen 
senkrecht zur Ringebene, d.h. eine stirkere Verschiebung zu erwarten. Durch 
ihre Intensitaét und geforderte Pseudokoinzidenz kann die Bande 790 cm~! 
eindeutig der Schwingung »,,,, zugeordnet werden. 

Fiir die zur Klasse A,, gehérige CH-Valenzschwingung »,, liess sich keine 
Polarisationsmessung durchfiihren. Zusammen mit der r,,(£,) wird sie der 
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Tabelle 9. Zuordnungen der Frequenzen fiir [Cr(CgH,),]I und versuchsweise 


Zuordnungen einiger Banden von Cr(C,H,), und Cr(C,D,), 


Intensitat, Ber. Frequenznummern und 
Beobac ht. ‘ ‘ ‘ 
(Pol. grad) Frequenz Klasse d. beob. CriCgHg), Cr(CgD¢). 
und Aktivit. und Klasse Frequenzen 


IR 144 (E,) 26, aus (21 26) (140) (?) 


(10s 26) 
(lSas 26) 
(19as 26) 
279 50 p, Ra 2] (A,,) 270 (255) 
Vv, ja 303 (A,,,) ??, aus (22 24) (305) (?) 
(19as 22) 
333 10 dp, Ra 24 332 (2707) 
415 10, IR 23 (Ag, ) 459 423 
420 0, Ra l6as ) 
423 (9)sh, IR 423(E,-) 21 + 26 
466 9.1K 25 490 479 
520 oo. TR 524 (Ay,,) 10as 24 512 
(10s 
(16s Sas) 
5, Ra (E, ) 
Vv, la 630 Gas, aus (bas 24) 
636 00, IR 636(E,-) 22 + 24 626 566 
694 1.1K 694 (A,,) 21 23 726 669 
736 00, IR 745(E,-) 21 + 25 769 735 
742 00, IR 748 24 + 23 
790 6, Ra I las (A,,) 
795 10, 1R 118 (Ag,) 794 802 
805 3, Ra 10s 
S57 8337 826 
S66 0, 1R 876 (E,~) + 24 866 868 
oo, IR 434 ) 26 
0), Ra I7as (E,*) 
942 sh, IR 949 és — 24 
949 (A,,) 10s 26 
Vv. la O50 | B,,,) Jas, aus (Sas l7as) 
963 Ish, IR 963 bas 24 
972 30 p, Ra Is (A,,) 
975 6, IR las 971 928 
1000 18s 999 
L006 4.1R 1004 Ys 26 1012 
1004 4. Ra ISas 
1026 00, IR 1025(E,-) 19as — 24 
1081 0, 1R 1074 (A,,) + 21 1069 
1137 3. 1136 l0as 21 1137 
1143 0, IR 1148 (A,,) 18as + 26 1142 
1148 5, Ra 9s 
1258 1256 (E,~) llas 25 
1280 3. Ra 1283 (E,~) lSas 21 
1280 1IR 1271 (Ag,) 10s 25 
1273 l7as 24 1251? 
277 (E,~) l0as Gas 
279(E,-) 18% + 2) 
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Tabelle 9—( Forts) 


Intensitat Ber. Frequenznummern und 
(Pol. grad) Frequenz Klasse d. beob. Cr(CgH,), CriC,.D,). 
i und Aktivit. und Klasse Frequenzen 


1316 0,1R 1308 ~) las + 24 1285? 
1340 1,1R 1333 (A,,,) Sas 24 
1348 10s lbs 
1377 0,1R 1387 (Ay,,) Is 23 1393 
1412 0,1R 1419 l8as — 23 
1430 6, IR 198 1426 1378? 
1440 8, Ra 
1470 0,1R 1470 (A,,,) lSas 25 1452 
1493 2, Ra 1481 (E,~) 9s + 24 
1553 0, 1K 1547 
1577 0, IR 1584 (A,,,) 19as — 26 1570 
L585 (Ag,,) lls llas 
V, ia 1592 (E,,*) Sas, aus (8as + 9s) 
1603 1600 lis + 10s 1603 
1620) (EB 
1640) 3, Ra 1626 
1620 2,1R 1616 (£7) Ils 10s 
1647 2, IR 1647 llas 10as 1654 
1664 0, IR 1662 (A,,) 10s 
Le 1733 1743 (E,~) | 19as + 22 
773 0,1R 1763 (A,,,) 19s + 24 1757 
1765 (Ay,,) las llas 
1795 2, IR 1795 (E£,,~) 10as l7as 
1845 0,1R 1855 (E,~) 19as 23 1820 
1890 2, IR 1890 das l7as 1840 
1988 0, IR 1973 Is 18s 
1979 (E~) las 
2740 0, IR 2740 (Ag,,) Sas + 9s 2753 
3040 6, 1K Yas (A,,) und 208 (EB, ~) 3037 2252 
3074 6, Ra 78 (E,*) 
3095 30, Ra 2s (A,,) und 20as (E~) 


Dabei bedeutet: p, polarisiert; sh, Schulter br, breite Bandenform v, verboten und ia, inaktiv (im 


Raman bzw. IR-Spektrum). 


sehr intensiven 
angenommen wurde, dass die Banden des freien Benzols im Komplex in der 
gleichen Frequenz-Reihenfolge auftreten. 

A,,(v, M,). Den beiden Raman-aktiven A,,-Banden »,,, ¥,,,, entsprechen im 


taman-Bande bei 3095 cm-! mit Vorbehalt zugeordnet. wobei 


IR die beiden der Klasse A,,, zugehérigen »,9, und ¥,,,. ¥,,, bei 975 em~! wird, wie 
zu erwarten, als Pseudokoinzidenz zu »,, 972 cm~-! zugeordnet. Sie zeigt im 
Dampfspektrum eigenartigerweise eine deutliche PQ R-Kontur und unterscheidet 


sich darin von »,,, 795 em~', die als y CH-Deformation eher eine solche aufweisen 
11 / 


sollte. 

Die Zuordnung dieser Bande zu einer y,.,-Schwingung wird weiter gesichert 
durch die Tatsache, dass die charakteristischen CH-Deformationsschwingungen 
der drei isomeren Xylole ein ihnliches Ansteigen der Frequenzen zeigen, wenn 
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man von den freien zu den komplex gebundenen Molekiilen iibergeht [20]. Die im 
IR-Spektrum des [Cr(C,H,),)|I allein auftretende intensive Bande bei 3040 em~' 
wird den beiden bei A,, erwihnten Banden »,, und ¥9,, als Pseudokoinzidenz 
gegeniibergestellt. Somit wire bei 3040 cm~! anzunehmen. Die Lésungs- 


aufnahme des Cr(C,H,), mittels LiF-Prisma zeigt auch hier keine merkliche 
Aufspaltung der bei 3058 em~ erscheinenden Bande. Eine leichte Asymmetrie der 
Kontur deutet jedoch auf das Vorliegen zwei eng benachbarter Frequenzen hin. 

B,,(v, ia). Die an sich spektral inaktive B,,-Gegentakt-Schwingung »,,, wurde 
mit Vorbehalt bei 950 em~! angenommen. Sie entsteht aus der 990 cem~'-Bande 
des freien Benzols, ihr Frequenzwert wurde aus der intensiven Kombinationsbande 
bei 1890 cm~! errechnet. In Analogie zum freien Benzol haben wir die starken, 
zwischen ca. 1500 und 1900 cm! auftretenden Kombinationsbanden als Kombi- 
nationen von 7,¢y-Banden angesehen, analog der Behandlung der C,H,-Banden 
durch Wuirren [21]. Da die drei restlichen y CH-Deformations-Schwingungen 
bekannt sind und zur Deutung der intensiveren Kombinationsbanden mit Erfolg 
herangezogen wurden, muss die vierte noch unbekannte Frequenz bei 950 em~! 
liegen. Sie errechnet sich als aus = + 950(B,,,), Sas. 

E.*(dp, ia). Die schwache Raman-Bande bei 420 cm~! lasst sich ohne weiteres 
der im freien Benzol total inaktiven (£,*)-Ring-Deformation (16) bei 398 em! 
zuordnen. Als Gegentakt-Schwingung wird sie im Komplex Raman-aktiv, sollte 
aber, weil sie in freiem Benzol verboten ist, auch jetzt nur mit geringer Intensitat 
erscheinen. Da eine Deutung als Kombinationsbande in diesem langwelligen 
Bereich wenig wahrscheinlich ist, bietet sich als sinnvolle Deutung die als v,,,, an. 

Die im freien Benzol Raman-aktive CC-Valenz-Schwingung v, bei 606 cm~! 
sollte im Komplex mit merklicher Intensitét und nur geringer Verschiebung 
auftreten. Sie wird deshalb der mittelstarken Ramanlinie im Spektrum des Kations 


l als 


bei 616 em gs Zugeordnet. 

Ebenso wie die andere (,H,-(£,,°)-Bande ist die im Komplex als Gegentakt- 
schwingung Raman-aktive »,;, 967 cm~', mit nur geringer Intensitét zu erwarten. 
Wir ordnen sie deshalb der bei 940 cm~! schwach erscheinenden und daher nicht 
ganz sicher gestellten Raman Linie als y,;,, zu. Die bereits im C,H, bei 1178 em~ 
im Raman-Spektrum auftretende 4 CH-Deformation », hat im Komplex bei 
1148 em~! eine mittelstarke Bande als Gegenstiick. Da in diesem Bereich eine 
andere Zuordnung dieser Bande nicht méglich ist, ist v9, diese Frequenz zuzuweisen. 
(Eine im IR-Spektrum im festen und gelésten Zustand bei 1143 cm~! auftretende 
Bande ist als Kombination (1Sas 26) zu deuten, zumal sie im Dampfspektrum 
des Cr(C,H,). vollig fehit.) 

Fiir die Bande », die im freien Benzol der CC-Valenz-Frequenz rv, bei 1599 em™! 
entspricht, sind zwei Ziordningsnidglich Keiten in Betradit zi ziehen, nimlich die 
Raman-Banden 1493 em~! mit Intensitét 2 und 1620-1640 mit Intensitiét 3. 
Da sich fiir alle anderen CC-Valenz-Schwingungen nur Frequenzverschiebungen 
zwischen 20 und 50 em~' ergeben, ist der Wert 1493cm~! unwahrscheinlich, zumal die 
entsprechende Pseudokoinzidenz bei 1592 cm~' liegen diirfte. Wir schreiben ihr daher 
die 1620 em~'-Bande »,. zu. Da fiir die beiden tibrigen CH-Valenzschwingungen 


20) H. P. Farrz. Unverdffent!. Untersuchungen an (o-, m-, p-(CH,),C,H,)Cr° 
21) D. H. Werrres, Spectrochim. Acta 7, 253 (1955 
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Pseudokoinzidenz zu fordern ist, und nur »,, allein Raman-aktiv ist, ordnen wir 
sie der 3074 cm~'-Bande zu. Die wesentlich geringere Intensitit spricht doch wohl 
fiir das Vorliegen einer Einzelbande. 

E, (dp, ia). Im freien Benzol liegt »,) einer y CH-Deformationsschwingung bei 
846 cm~' auf. Sie sollte mit deutlicher Intensitaét im Spektrum des Komplexes 
sichtbar sein. Da in diskutabler Nihe alle intensiven Banden eindeutig ander- 
weitig zugeordnet werden kénnen, bleibt fiir »,,, nur die mittelstarke Raman-Bande 
bei 805 cm~ frei. 

Aus der 1073 em~! Bande »,, im IR-Spektrum des freien Benzols wird im Kom- 
plex als Gegentakt-Schwingung und unter analoger Verschiebung wie 1», die 
Raman-Bande »,,,, bei 1004 cm~!. Entsprechend den Auswahlregeln hat sie eine 
Pseudokoinzidenz, die als v,,, bei 1006 em~! im IR-Spektrum auftritt. 

Die gleichfalls im IR-Spektrum des Benzols starke »,, erscheint im Raman- 
Spektrum des Komplexes als Gegentakt-Schwingung bei 1440 cm~! als 4... Sie 
liegt damit ebenso wie ihre Pseudokoinzidenz im IR bei 1430 cm~! zwischen den 
Werten des freien Benzols mit 1482 cm~! und des Tropylium-Ions mit 1472 em~! 
einerseits und dem der Cyclopentadienyle |14, 15] andererseits. 

Die 29,4, wird, wie bereits bei A,, bemerkt, der 3095 cm~!-Bande zugewiesen, da 
diese ihre Entsprechung in der 3040 cm~!-Absorption des [R-Spektrums haben 
muss, in der wohl 2 Banden vereint sind (v4, und ro). 

E,,*(v, ia). Alle in diesem Abschnitt erwaihnten Normalschwingungen werden 
durch die Kombinationsbanden-Analyse nahegelegt und sind daher nur mit 
einigem Vorbehalt zuzuordnen. Die Herleitung aus den entsprechenden C,H 
Frequenzen erbringt dabei stets Hinweise auf die Richtigkeit der Zuordnungen. 

Die bei 543 cm angenommene »,,., ergibt sich vor allem aus der auch auf 
anderem Weg zu kombinierenden, im IR-Spektrum deutlich intensiven 963 em~'- 
Bande (420 + 543 = 963). Eline gewisse Bestitigung ist durch Erklirung der 
1340 em~!-Kombination als 543 + 805 1348 méglich. 

Die Deutung der Kombinationsbande bei 963 cm~! als Summe von ¥,, und v¢,. 
scheint sicherer zu sein, da ausser der voranstehenden kaum eine andere Erklarung 
in Frage kommt. Als Raman-aktives Gegenstiick dieser v,,, bei 630 cm—! tritt bei 
616 cm~! »,, auf, wodurch der errechnete Wert von 630 cm~! durchaus sinnvoll 
erscheint. 

Fiir die 2740 cm~'-Kombinationsbande, die im Spektrum des Kations und der 
ungeladenen Verbindung etwa an gleicher Stelle auftritt, kénnte die Summe aus 
vg, 1148 cm~', und einer bei 1592 cm~! angenommenen »,,, (aus 1599 em~! 
freien Benzol) verantwortlich sein. Der Vergleich mit der Benzolbande legt die 
Richtigkeit der Zuordnung nahe. Die entsprechende »,, wurde der Raman- 
Frequenz bei 1620 cm~! zugeordnet. Im Benzol wird annahernd eine entsprechende 
Kombination (ber. 2777 gef. 2751 em~') beobachtet [19]. 

E.~(v, M,). Fiir diese vier Schwingungen gilt sinngemiss das schon bei ihren 
Pseudokoinzidenzen im Raman-Spektrum (Klasse £,~) gesagte. So werden die 
IR-Banden bei 1000, 1430 und 3040 cm~! ohne weiteres den ,, UN Veo. 
l 
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zugeordnet. Bei der vierten Bande, »,o,., dieser Klasse, die aus 7,9(£>), 846 cm 


des freien Benzols hervorgehen muss und fiir deren Raman-aktive Ligandenbande 
Vio, Cin Wert von 805 cm~! angenommen wurde, ergibt sich aus dem IR-Spektrum 
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als einzig plausible Frequenz 857 em~'. Da dieser Wert sechsmal als Partner einer 
Summationsbande auftritt (z.B. 1280: 420 S57 277: 1137: 279 S57 
1136), darf die die Zuordnung zu einer Normalschwingung, eben zu r,,,,, als 
gerechtfertigt angesehen werden 

Tabelle 8 bringt eine Zusammenfassung der beobachteten und berechneten 
Normalschwingungen der Benzolliganden jeweils im Vergleich mit den “Stamm- 
des freien Molekils 


banden 


(c) Analyse dev Aombinationshbanden 


Unter Beriicksichtigung der Aktivitits-Verhaltnisse, die sich bei den Kombi- 
nationen ergeben, wurden die in Tabelle 9 wiedergegebenen Werte errechnet. 
Auch hier wurden die Auswahlregeln der Punktgruppe D,, zugrundegelegt. 

Die Ubertragung der am [Cr(C,H,),|1 aufgefundenen Kombinationsbezie- 
hungen auf den ungeladenen Komplex sowie auf dessen vollig deuteriertes Ana- 
logen, liess einige Zuordnungen zu, die in Tabelle 9 mit angefiihrt sind. Das 
bisherige Fehlen der Raman-Spektren dieser Verbindungen macht jedoch eine 
eingehendere und vollstandige Analyse der beiden Schwingungsspektren vorerst 
unmdglich. So wurden auch hier die Zuordnungshilfen angefiihrt, die sich aus der 
Deuterierung ergeben 

Eine gewisse Schwierigkeit entsteht fiir die Zuordnungen im Gebiet zwischen 
$33 und $42cm~' beim Ubergang vom Kation zum Cr°-Komplex, da sich hier 
jeweils vier bis finf zum Teil schwache Absorptionen zeigen, deren Korrelation 
nach D,.. nicht eindeutig gelingt. Auf eine allgemeine Zuordnung fiir Benzol- 
Metall-Komplexe soll, sobald die Raman-Spektren vorliegen, in einer weiteren 


Arbeit eingegangen werden. 


7. Diskussion der Ergebnisse 
Wie Abschnitt 3 in Verbindung mit Tabelle 7 zeigt, gilt fiir die Schwingungen 
des Gesamtkomplexes eindeutig das Alternativverbot. Damit ergibt sich aus der 
Analyse der Schwingungsspektren Ubereinstimmung mit den Befunden der 
Réntgenstrukturanalyse [2] und der Dipolmessung [3], d.h. fir den neutralen und 
den einfach positiv geladenen Gesamtkomplex zentrosymmetrische Struktur. 
Wegen der gleichartigen Auswahlregeln fiir D,, und D,, fiir die GK-Schwingungen, 
lasst sich aus diesen allein noch keine Entscheidung iiber die Zahligkeit der Mole- 
kiilsymmetrie treffen. Dies gelingt erst an Hand der Ligandenspektren. 

Da die IR-Spektren des Cr(C,H,), und [Cr(C,H,),|I nicht mit jeweils gleicher 
Konzentration aufgenommen wurden, ist aus der Zahl dhnlich intensiver Banden 
kein schliissiger Beweis der gleichartigen Symmetrie méglich. Die zum Teil sehr 
schwachen Banden im Spektrum des Kations lassen sich alle zwanglos als 
Summationsbanden der 7 IR- und 13 Raman-aktiven Normalschwingungen der 
Punktgruppe D,, deuten. 

In den [R-Spektren des [Cr(C,H,),|I treten die den 4 [R-aktiven sowie den zwei 
stirksten Raman-aktiven Banden des freien Benzols entsprechenden Banden mit 
Sicherheit als Pseudo-Koinzidenzen auf. Die fiir die Symmetrie D,, zu fordernde 
siebte Ps.K. ist wahrscheinlich. Dagegen werden sicher keine 13 Ps.K., die nach 
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D,, vorliegen sollten, beobachtet. Nur wenn man auch schwiichste Banden 
beriicksichtigte, gelinge diese paarweise Zuordnung. Ferner lassen sich mit 
Sicherheit nur 7 und nicht 13 Normalschwingungen nachweisen, die nur als solche 
und keinesfalls als Kombinationsbanden deutbar sind 

Im Raman Spektrum des Kations lassen sich selbst unter Beriicksichtigung 
der Tatsache, dass in Raman-Spektren Kombinationsbanden nur selten auftreten 
auch wir finden nur zwei Linien bei 1280 und 1493 em-!, die als Kombinationen- 
aufzufassen sind——nur 13 Normalschwingungen zuordnen und keinesfalls 17, wie 
das die Punktgruppe D,, fordern wiirde. 

Kin weiteres Argument liefert die Betrachtung der 6 Liganden-Frequenzen der 
Rasse E,°. Diese diirfen bei D,,-Symmetrie keine Ps.K. mit IR-Frequenzen 
zeigen. Fir vier von ihnen, nimlich bei 420, 616, 1148 und 3074 em~'. kann dies 
eindeutig, fir die restlichen zwei nur mit allerdings grosser Wahrscheinlichkeit 
aus der Kombinationsbanden-Analyse gefolgert werden. 

Im Bereich von ca. 2750 bis 3500 em-' werden beim ungeladenen wie auch 
kationischen Komplex stets weniger Normalschwingungen beobachtet als nach De, 
oder D,, zu erwarten wiiren, so dass die CH-Valenzschwingungen keine Unter- 
scheidung erlauben. Zwischen 1200 und 2750 em~! haben wir fiir das Kation 22 
und fiir das Di-Benzol-Chrom 12 Banden bestimmt, von denen sowohl fiir D,,, als 
auch fiir D,, jeweils zwei Normalschwingungen sein miissen. 

Dagegen sollten sich im Bereich von ca. 970 bis 1200 cm-! eine deutliche 
Vermehrung der Bandenzah! beim Ubergang von D,, nach D,, ergeben. Hier sind 
fiir die beiden genannten Symmetrien 3 bzw. 5 [R-aktive Normalschwingungen zu 
erwarten. Tatsichlich finden sich beim [Cr(C,H,),]I vier, beim Cr(C,H,), jedoch 
neun Banden mit merklicher Intensitiét {I > (0)]. Daraus lisst sich fiir letzteres 
moglicherweise eine niedrigere Symmetrie herleiten. Ahnliche Verhaltnisse werden 
beim Cr(C,D,), beobachtet. Andererseits sind sich die IR-Ligandenspektren des 


Di-Benzol-Chroms und seines Kations hinsichtlich der Frequenzhéhe doch zu 


aihnlich, um tiefyreifende Verschiedenheiten in der Struktur der Liganden daraus 


sicher herleiten zu kénnen. 
Die aus der asymmetrischen Metall-Ring-Valenzfrequenz zu folgernde Bin- 


dungsstirke ist beim Kation deutlich niedriger als beim ungeladenen Komplex. 


Eine schwichere Beeinflussung der beiden Benzol-Liganden durch die Bindung an 
das Zentralmetall ist also beim Kation sicher. 

Aus den vorstehenden Argumenten folgt, dass dem Di-Benzol-Chrom-Kation. 
soweit durch die Schwingungsspektren feststellbar, die Symmetrie D,, zukommt. 


Die C- und H-Atome der Liganden miissen demnach in je einer—méglicherweise 


gemeinsamen—-Ebene fiir jeden Liganden angeordnet sein und jeweils gleiche 
Abstinde vom Zentralatom haben. 


Experimenteller Teil 


1. Raman-Aufnahmen* 


Kine Reihe von Versuchen, mit der iiblichen Hg-Linien-Anregung brauchbare 
‘aman Spektren von Cr(C,H,), bzw. dessen Kation im blauen und griinen Spek- 


tralbereich zu erhalten, verliefen wegen der geringen Léslichkeit der Verbindungen 


STAMMREICH und R. FORNERIS 


* Durchgefiihrt von H 
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und besonders wegen der tiefen Farbe und grossen Lichtempfindlichkeit der 
Lésungen erfolglos.* 

Dagegen gelang es, mit Helium-Linien befriedigende Raman-Spektren, zu- 
mindest des Kations, im roten Spektralbereich anzuregen. Die hier benutzten 
Methoden sind bereits friiher von einem von uns [22] mitgeteilt worden. Beziiglich 
ihrer Anwendung beim Vorliegen sehr lichtempfindlicher Substanzen verweisen wir 
auf eine kiirzlich erfolgte Veréffentlichung von STaMMREICH und Sava [23] und 
gehen hier nicht auf Einzelheiten ein. 

Der Neutralkomplex ist in CS, und in C,H, schwach léslich, die Lésungen im 
erstgenannten Solvens erwiesen sich wegen ihrer tiefgriinen Farbe als der Raman- 
spektroskopischen Untersuchung unzuginglich. Die Lésung in Benzol enthielt 
etwa 14 mg/ml, d.h. das molare Verhiltnis Cr(C,H,)./C,H, betrug etwa | : 200. 
Unter diesen Umstianden erschienen natiirlich die Ramanlinien des Benzols ausser- 
ordentlich tiberexponiert und verbreitert und maskierten die des komplex gebun- 
denen C,H,, dessen Frequenzen von dem des freien ja nicht allzu verschieden 
sind, véllig. Daher konnten mit Sicherheit nur die beiden tiefen ramanaktiven 
Schwingungen des Geriistes mit Sicherheit erfasst werden. Die Spektren wurden 
durch He 6678, 2 A angeregt, die notwendige Expositionszeit war etwa 4 Stunden. 

Wesentlich giinstiger lagen die Verhialtnisse beim |Cr(C,H,),|I, das in Wasser 
mit etwa 7 Gewichts-°,, und in Methanol zu etwa 3, 5°, léslich ist. Die tiefgelben 
Lésungen sind auch fiir die Heliumstrahlung 5875,6 A vdollig durchlissig und 
erheblich lichtbestandiger als die des neutralen Komplexes; die wissrige besonders 
dann, wenn ihr pH auf ungefihr 9 abgestimmt wird. Immerhin bereitete die bei 
langen Expositionen eintretende leichte Zersetzung und Triibung einige Schwierig- 
keiten, so dass einige schwache Ramanlinien der Beobachtung entgangen sein 
mégen und andere (insbesondere die bei 420 und 940 cm~! gefundenen) als nicht 
gesichert bezeichnet werden miissen. 

Aus dem gleichen Grunde konnten qualitative Beobachtungen des Polari- 
sationszustandes nur an den stirksten Ramanbanden ausgefiihrt werden. Soweit 
dieselben mit Sicherheit als polarisiert erkannt wurden, sind sie in den vorstehenden 
Tabellen mit p bezeichnet. Das Fehlen einer Angabe beinhaltet daher keine 
Aussage beziiglich des Polarisationsgrades der betreffenden Linien. 

Die an wissrigen und alkoholischen Lésungen gefundenen Frequenzen erwiesen 
sich, soweit ihre Beobachtung nicht durch Koinzidenzen mit denen des Lésungs- 
mittels gestért wurde, innerhalb des Messfehlers als gleich. Die entsprechenden 
Werte sind in den Tabellenun unterschiedlich verwendet worden. Als anregende 
Linien benutzen wir He 5875.6 und 6678,2 A. Die erforderlichen Belichtungs- 
zeiten bewegten sich zwischen 10 Minuten und 4 Stunden. 


2. [R-Aufnahmen* (vgl. Abb. 4-8) 


Die Spektren wurden mit Perkin-Elmer IR-Spektrographen Modell 21 mittels 
LiF-, NaCl-,, K Br- und CsBr-Prismen aufgenommen. Die Messungen an den festen 


* Herrn Dr. W. Mater, Miinchen, sei fiir seine Bemiihungen an dieser Stella herzlich gedankt. 
+ Durchgefiihrt von H. P. Frirz und W. LirrKe. 


22) H. Stammreicnu, Spectrochim. Acta 8, 41 (1956). 
23) H. Stammreicu und O. Sara, Z. Elektrochem. 64, 741 (1960). 
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IR-und Raman—Untersuchungen zur Struktur des Di-Benzol—Chroms 


Substanzen wurden an K Br-Presslingen oder Nujol/Hostaflon* -Aufschlemmungen, 
die Lésungsspektren in iiblichen Fliissigkeitskiivetten mit NaCl- und CsBr- 
Fenstern bei Zimmertemperatur und die Dampfaufnahmen in einer 9 em-Heiz- 
kiivette [24] bei Temperaturen bis 210°C durchgefiihrt. Bei diesen zeigte sich, 
dass die Substanzen schon unterhalb des bisher angenommenen Zersetzungs- 
punktes rasch zerfielen, so dass stets auch Banden des freien C,H, bzw. C.D, 
aufgefunden wurden. Bei niedrigeren Temperaturen (bis etwa 150°) ist die 
Substanzkonzentration wegen des geringen Dampfdruckes fiir die IR-Messung zu 
Klein. Mit Sicherheit konnten deshalb Banden des dampfférmigen Neutral- 
komplexes nur im Bereich von ca. 1450-670 em ermittelt werden. 

Messungen des [Cr(C,H,).]I in H,O-Lésung in Arsensulfid-Kiivetten brachten 
ebenso wie solche in CH,OH-Lésung keine neuen Ergebnisse. Im Bereich des 
CsBr-Prismas erwies sich Nujol als besonders geeignetes Einbettungsmittel. Es 
wurde ein CsBr-Prisma mit Reststrahlenfilter verwendet, der Spektrograph mit 
getrocknetem N, gespiilt. Die luftempfindlichen Substanzen wurden samtlich 
unter N,-Schutz gehandhabt. 

Simtliche Frequenzangaben sind als »;,,,;,; ohne Vakuumkorrektion angefiihrt. 


Anerkennungen——Unser Dank gebiihrt besonders Herrn Prof. Dr. E. O. Fiscuer fiir die Uber- 
lassung des IR-Spektrographen und der Substanzen sowie fiir sein stets forderndes Interesse an 
unserer Arbeit. 

Prof. Dr. R. Meckr danken wir fiir seine fordernde Kritik; ihm und Herrn Prof. Dr. Dr. h. e. 
W. Hreser gilt unser Dank fiir die Gelegenheit, an ihren Instituten Messungen durchfiihren zu 
kénnen. Den Herren Dozent Dr. E. Rucu, Miinchen, Prof. Dr. H. C. Loncurt-Hieerns und 
Dr. L. E. Once, Cambridge, méchten wir fiir wertvolle Anregungen und Diskussionen unseren 
besten Dank sagen. 

Danken méchten wir ferner der Badischen Anilin- u. Soda-Fabrik, Ludwigshafen, fiir die 
Uberlassung von Fliissigkeits- und Gaskiivetten, der Dr. KArL-MERCK-STIFTUNG, Darmstadt, 
fir die Erméglichung des Ankaufs von Hexa-deuterobenzol und der Miinchner Universitats- 
gesellschaft, die den Ankauf von wichtigen Zusatzteilen zum Spektrographen, so z.B. des 
CsBr-Prismas, in grossziigiger Weise ermdéglichte. 

Schliesslich sind wir der Deutschen Forschungsgemeinschaft, Bad Godesberg, und dem Fonds 
der Chemischen Industrie, Diisseldorf, fiir ihre nachhaltige Unterstiitzung zu grossem Dank 
verpflichtet, ebenso den Farbwerken Hoechst fiir Hostaflon—Ol. 


Der Conselho Nacional de Pesquisas, Rio de Janeiro, unterstiitzte einen Teil der Arbeiten, 
woftir wir zu grossem Dank verpflichtet sind. 

Frl. H. HUMMEL und Fri. I. Grézrncer fiihrten einen Teil der IR-Messungen aus, wofiir wir 
ihnen herzlich danken méchten. 


* Den Farbwerken Hoechst AG. danken wir fiir die Uberlassung von Hostaflon-Ol verbindlichst. 
[24] E. Funk, Optik. 13, 524 (1956). 
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REPORT OF MEETING 
Symposium on Molecular Structure and Spectroscopy 


A symposium on Molecular Structure and Spectroscopy was held at the Ohio 
State University, on June 12-16, 1961, under the sponsorship of the Department 
of Physics and Astronomy, the Graduate School of the University, and the Office 
of Naval Research. The following papers were presented: 


Session A 


Good self-consistent-field molecular orbital wave functions for some simple molecules: Koserr 
S. MuLiurken and E. CLeMent!, University of Chicago, Chicago, Illinois. 


The electronic spectrum of ammonia and related molecules: A. E. Dovcras, National Research 
Council of Canada, Ottawa, Canada. 


Molecular and free radical impurities in low temperature crystals. spectra and energy transfer: 
G. Witse Rosrnson, California Institute of Technology, Pasadena, California. 


Session B 


Approximate radial functions for first-row transition metal atoms and ions: J. \V. KicHarpson, 
W. C. Nreuwpoort, R. R. Powet and W. F. EpGetrt, Department of Chemistry, Purdue 
University, Lafayette, Indiana. 

Radial wave functions for ls, 2s, 3s, 48; 2p, 3p, 4p; 3d and 4d electrons have been constructed 
using a minimum set of normalized Slater-type functions. Orthogonalization was achieved by 
the Schmidt process. Orbital exponents for all but 4p and 4d functions were obtained by 
maximizing overlap with Watson's recent SCF results [1] for selected configurations. The 4p 
and 4d functions were determined for several configurations by direct minimization of the 
energy, keeping inner orbitals fixed. Special attention was devoted to the 3d functions, which 
were approximated in “double-zeta”’ form. 

tesults of the approximations will be presented, especially as they indicate relationships 
between atoms and ions along the series. Among the points to be discussed are the significance 
of the maximum overlap criterion, the implications of the “‘double-zeta™’ form for the 3d functions 
and the possible use of scaling relations. 


The excited states of the hydrogen molecule: E. K. Davipson, Department of Chemistry, 
Indiana University, Bloomington, Indiana. 
The most recent results obtained for the first excited 'X,* state will be presented. Inherent 
difficulties in obtaining good potential curves for other excited states by the variation method 
will be discussed. 


Theory of the diamagnetic susceptibilities of the alkanes: H. F. Hameka, Department of 


Chemistry, The Johns Hopkins University, Baltimore 18, Maryland. 


A general theory of the diamagnetic susceptibilities of the alkanes is developed. It is found 


that the molecular susceptibilities are obtained as sums of contributions from the 1s electrons of 


the carbon atoms, from the various C-——-C and C——-H bonds and from interactions between 
various pairs of adjacent C-——-C and C-—-H bonds. It is possible to express the theory in a semi- 
empirical form so that all susceptibilities of the alkane molecules are expressed in terms of three 
parameters. For the most reliable series of experimental data, the susceptibilities of twenty-four 


1} R. E. Watsox, Phys. Rev. 118, 1036 (1960); 119, 1934 (1960). 
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different hydrocarbons may be described by these parameters within an accuracy of 0-5 per cent. 
Theoretical values of diamagnetic susceptibilities are given for fifty-four alkane molecules, 
namely for all isotopes up to and including octane, for the normal alkanes from nonane to 
hexadecane and for a few other molecules for which experimental data have been reported. 
The accuracy of the theoretical values is compatible with the accuracy of the measurements. 


Vibronic coupling in the triplet manifold of benzene and the polarization of phosphorescence*: 
A. C. ALBRECHT and P. G. Russect, Department of Chemistry, Cornell University, Ithaca, 
New York. 

It has been suggested recently [1] that vibronic coupling in the triplet manifold may play an 
important role in bringing electric dipole allowedness into the lowest triplet—singlet transition 
in benzene. Further work appears to bear this out. 

The polarization of phosphorescence of benzene (I), of perchlorobenzene (II), and of p- 
dimethoxybenzene (IIT) has been studied with 3-methylpentane glass as a solvent at 77°K. The 
phosphorescence of IT is analyzed at 10 my intervals and is found to be uniformly polarized. A 
gross analysis of the phosphorescence of ILI into three components is achieved by a combined 
polarized fluorescence and phosphorescence study. In each case a strong out of plane component 
is observed. While solvent perturbations may be suspect for I this is unlikely for II and IIT. 
Therefore the out of plane character is taken as reflecting intrinsic molecular properties. An 
effective formulation for explaining these observations (including the uniform polarization) is 
found in the use of basis wave functions in vibronic theory in which spin states are mixed. 
Should this same mechanism be also dominant in IIT, then the observation there, that the long 
axis is the major in-plane component in the phosphorescence, leads to positive assignment of 
the lowest triplet state as *B,,, (V,). This in turn serves as independent evidence for the assign- 
ment of *B,,, for the lowest triplet state in benzene. 


u 


Vibronic coupling of two electronic states: Koserr L. Funron and Martin GourTerMAN, 

Chemistry Department, Harvard University, Cambridge 38, Massachusetts. 

It is shown that the vibronic coupling problem in molecules with two nearly degenerate 
electronic states and in dimers have the same mathematical form—a 2 2 matrix Hamiltonian. 
This equation is reduced to a one dimensional form and solutions are obtained in two limiting 
cases. The one corresponds to vibrational borrowing, the other to a pseudo Jahn—Teller effect. 
The one dimensional equations contain a non-local potential. 


The Franck Condon principle and the 3600 A system of CO,+: J. B. Coon, R. E. DeWames, 
C. M. Loyp, F. A. Cesant, A & M College of Texas, College Station, Texas. 


A simple method [2] of applying the Franck—Condon principle to polyatomic molecules leads 
to the geometrical structure of the excited electronic state of the 3600 A system of ClO,. The 
calculation is based on the photographically measured relative intensities of the vibronic bands 
(v,’, Ve’, 0) <= (0, 0, 0) where v,’ 0, 1, 2 and v,’ 0, 1. Of the four excited state structures 
consistent with observed intensities the structure (7’ 1-623 A, 2a 107° 46’) agrees well 
with the structure known from the rotational spectra of the vibronic bands, (r 1-620 A, 
2x 107° 24’). The structure of the ground state used in this calculation is (r 1-472 A, 
2a 117° 24’). 

Certain excited state vibrational levels have been previously [3] interpreted as 1* and 2* of 
a double minimum potential in the anti-symmetrical coordinate Q,’. A double minimum 
potential function [4] consistent with the observed levels has been found. A Franck—Condon 


* This work was supported in part by the National Science Foundation and in part by the Advanced 
tesearch Projects Agency. 
+ Supported by the Air Force Office of Scientific Research. 
A. C. Atsecut, J. Chem. Phys. 33, 937 (1960). 
|2| J. B. Coon, R. E. DeEWaAmes and C. M. Loyp. To be published. 
3| J. B. Coon and E. Ortiz, J. Mol. Spectroscopy 1, 81 (1957). 
| N. W. Navere, J. R. Henperson and J. B. Coon, Bull. Am. Phys. Soc. 4, 105 (1959). 
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calculation using the wave functions of these levels explains the relative intensities of some of 
the most prominent bands. 


The interaction of x-electrons with C—C bond length displacements in pseudoaromatic molecules: 
L. C. Snyper, Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey. 


The name pseudoaromatic is applied to a class of conjugated unsaturated hydrocarbons, first 
defined by Crate, which do not have totally symmetrical ground state wave functions computed 
from the principal valence bond structures for the proposed planar molecules. In general, the 
proposed pseudoaromatic molecules have defied synthesis. The stability of the symmetrical 
forms of several pseudoaromatic molecules with respect to a complete set of bond length dis- 
placements for each has been given a Huckel approximation molecular orbital description with 
an iterative computational procedure. The basic assumptions of both LENNARD-JONEs and of 
LONGUET-HIGGINS and SALEM have been adopted for the resonance integral and sigma frame- 
work description. Under both sets of assumptions, it is found that the symmetrical forms of 
pentalene [1] and heptalene are unstable with respect to a polyene-like structure corresponding 
to a principal valence bond structure of the symmetrical molecule. The symmetrical forms of 
several other pseudoaromatic molecules are computed to be stable but unusually soft with 
respect to particular displacements of their bond lengths. The computations have also been 
performed for several well-known aromatic molecules, and comparisons are made with the 


results for pseudoaromatic molecules 


Shells and electron pairs vs. many-body correlations in atoms and molecules: (xray SiNANOGLU, 
Sterling Chemistry Laboratory, Yale University, New Haven, Connecticut. 


In spite of the long range of the coulomb repulsions between electrons, the nuclear wells and 
exclusion principle are responsible for the shell structure of atoms and molecules. Orbital 
pictures are qualitatively successful though correlation errors are as large as molecular binding 
energies. The physical basis of our theory which builds an atom or molecule from electrons 
correlating only in pairs in a Hartree-Fock “sea” will be discussed. In contrast to a free 
electron gas, in atoms and molecules many electron correlations are ununportant, Specific cases 
such as boron will be discussed. The theory justifies the semi-empirical Ll-electron theories, and 


also makes it possible to calculate the electronic properties of quite large atoms and molecules 


to high accuracy as in He and H, and in similar wavs. 


Calculations on F, Ne, and Na ground states: W. bh. Donarn, IBM Research Dept., Watson 
Laboratory, New York City 25, New York. 


Wavefunctions are calculated for the ground states of these ions using the method of con- 
figuration interaction. The first configuration was made up of orbitals which were analytic fits 

the Hartree-Fock functions for these ions. Ten configurations were introduced which 
provided correlation among the outer shell electrons. Two configurations were included to 
allow modification of the 2s and 2p electrons. The improvement in the energy was about half 
he total correlation energy. The method of configuration interaction was then used to locate 
sets of 5 and 8 excited states of ‘J? symmetry. These were used to make calculations of the 
polarizability and London Force Coefficients, using both H.F. and C.1. functions for the ground 


State 


Virtual symmetry: Harotp V. McIwrosn, RIAS, Baltimore, Maryland. 


The Hickel theory of alternating hydrocarbons yields a number of accidental degeneracies 
2) which can be explained on the basis of hidden symmetry. By virtual symmetry we mean the 


symmetry which an asymmetric or partially symmetric system acquires if it is possible to 


1} This result for pentalene was independently found and reported by P. C. Den Borr-VEENENDAAI 
and D. H. W. Dew Borer, Mol. Phys. 4, 33 (1961). 
2) B. and A. Puttman, Les Theories Electroniques de la Chimie Organique. Paris, Masson (1952). 
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embed it, using symmetry operations, into a larger and more symmetrical system. For example 
the accidental three-fold degeneracies of the hexagonally symmetric hydrocarbon coronene can 
be explained, by embedding the molecule in a two-sheeted Klein bottle gotten by continuing 
the molecule periodically across its boundaries. Such virtual symmetry, by contributing 
additional constants of the motion to a Hamiltonian, may be used to improve Hartree-Fock 
wave functions through projection with respect to a larger symmetry group. 


The color and electronic configurations of Prussian blue: Mervin B. Rosi, Bell Telephone 


Laboratories, Inc., Murray Hill, New Jersey. 


The intense color of the microcrystalline, inorganic dye Prussian blue, KFe" (CN), Fe™, 
is due to the transfer of an electron between iron ions, one of which is octahedrally surrounded 
by the carbon ends of the CN~ ligands and assumes the strong field configuration while the 
other iron ion is octahedrally surrounded by the nitrogen ends of the CN~ ligands and assumes 
a weak field configuration. Given the two types of iron ions, the problem then arises as to which 
ion anchors the optical electron orbital in the ground state and which anchors it in the excited 
state. The spectroscopic data can be rationalized using a simple orbital picture in which the 
iron ion in the carbon hole in the ground state is strong field ¢,,° and in the transition, transfers 
an electron to the iron ion (weak field, t, ,%e ,”) in the nitrogen hole. The unusually high intensity 
of the Prussian blue color band (e 9800) can be explained as due to a small amount of 
delocalization of the electros in the ground state, brought about by configuration interaction. 


Session C 
The microwave spectrum of chloromethylsilane:* K.H. SchwenpeMan?* and G. D. Jacoss, 

Kedzie Chemical Laboratory, Michigan State University, East Lansing, Michigan. 

The microwave spectra of seven isotopic species of chloromethylsilane have been examined 
in the 8 to 35 kme region. Both a-type and b-type transitions have been observed. The data 
combined with results previously reported [1] for SiH,CH,CP® and SiH,CH,C!”’ are sufficient 
for a complete structure determination by the substitution method. 

The chlorine quadrupole coupling constants have been determined and will be discussed. 

Transitions in the first excited torsional state have been observed for three isotopic species. 
From an analysis of the splittings of four doublets in the first excited state of CH,CH,Cl® a 
potential barrier hindering rotation of the SiH, group of 2-55 kcal/mole is indicated. 


The molecular structure of ethyl chloride:* ©. D. Jacons and R. H. SchwenpeMAN, Kedzie 
Chemical Laboratory, Michigan State University, East Lansing, Michigan. 


Transitions of the a-type and b-type spectra of CH,CD,Cl, CH,DCH,Cl, C'H,CH,Cl, and 
CH,CH,Cl have been measured in the 8 to 30 kme region of the microwave spectrum. The 
data combined with previous results [2,3] on the spectra of CH,CH,CP®, CH,CH,Cl*’, and 
CH,DCH,CI® have enabled a complete determination of the structure by the substitution 


method. The following parameters are obtained: 


1-520 A C—Cl 1-788 A CCC! 111° 6’ 
C—-H (methylene) 1-089 A HCH (methylene) 109° 12 CCH, 129° 23’ 
(—H (methyl) 1-092 A HCH (methyl) 110° 12’ 


The chlorine quadrupole coupling constants have been reanalyzed and will be discussed. 


* Supported by a grant to Harvard University from the Office of Naval Research and by grants to 
Michigan State University from the Research Corporation and the Petroleum Research Fund. 

+ Part of this work performed while at Harvard University, Cambridge, Massachusetts. 

z Supported by grants from the Research Corporation and from the Petroleum Research Fund. 


1) R. H. ScowENDEMAN, Am. Chem. Soc. Meeting, Atlantic City, N.J., 1956. 
R. 8S. and B. P. Dattey, J. Chem. Phys. 26, 1588 (1957). 
3) BarcuvKov, Murra and Proknoroy, Optiha « Spektroskopiya 4, 521 (1958). 
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The microwave spectrum of methyl hypochlorite:* Joux Ricpesx, Mallinckrodt Chemica! 


Laboratory, Harvard University, Cambridge, Massachusetts. 


The microwave spectrum of methyl hypochlorite has been studied in the region from 8,000 
kMe to 37,000 kMe and from 49,000 kMe to 60,000 kMc. Due to the instability of the sample, 
the vapor was flowed through the wave guide which was always maintained at dry ice tempera- 


ture. Both @ and 6-type transitions were identified and from these the rotational constants for 


the isotopic species CH are 42.064-10 Me, B 6,297-06 Me and 5,670-42 Me. 


From a study of the hyperfine structure of the low 


The asymmetry parameter, «, is —0-96556 
With respect to the principal 


J transitions one can obtain the quadrupole coupling constants. 
axis system these constants are: for CP, eQ( #V/8Z,*) 84-0 Me and », 0-408: for CP’, 


*) 67-0 Me Lines due to the isotopic species CH 4f have also been assigned. 


The microwave spectrum of NSF,:* Wic.1am H. Kiecnnorr,*+ Mallinckrodt Chemical Labora- 
torv, Harvard University, Cambridge, Massachusetts. 


The action of AgF, on SN, in CCl, produces a gaseous compound, NSF,, whose structure 

A pure sample Was prepared Fragments in the mass spectrum show 

that the molecular structure is probably NSF as most recently claimed by GLEMsER. The 


region 8,000 to 60,000 me with a conventional Stark 


has nin some doubt 


microwave spectrum was studied in the 
The spectrum has the simplicity and first order Stark effects charac- 


modulated spectrograph 
normal and also to the ™S and ™N 


teristic of a svimmetrn top From lines assigned to the 
occuring in natural abundance, the following set of structural parameters was obtained 


1-416 A, and FSF “4 2 The above structure is thus 


The microwave spectrum of F.O.:* Roserr H. Jacksox, Mallinckrodt Chemical Laboratory, 
Harvard Universitv, Cambridge, Massachusetts 


"£0, has been examined in the region 8-37 kMe/s using a 


trograph and a flow system for the sample. The observed 


with a peroxicl type structure for the molecule, with the 


154A 
148A 


OOF 110 


Dihedral angie 


ent of the molecule is 1-40 D 


Microwave spectrum of normal propyl fluoride:* Fiz: Himora, Mallinckrodt Chemical Labora- 


tory, Harvard University, Cambridge, Massachusetts 


onfirmed by microwave spectroscopy that normal propyl fluoride consists of two 
mers. One of them, the trans form, has methy! and fluorine groups in trans position 


the central ¢ ( axis, and the other, the qauche form, has the structure in which 


ossible by « ipport « xtended Harvard | niversit by the Office of Naval 
or 1866, Task Order XIV 


Predoctoral Fellow, 1959-61 
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two groups are twisted by 63° from the cis position. The rotational constants derived from the 


analysis of rotational lines are 


Trans Gauche 


obs. cale. obs. cale 


(Me/s) (Me/s) (Me/s) (Me/s) 


26986-8 26987-73 14503-69 14509-01 
3748-43 3733-96 5085-71 5095-59 
3510-01 3497-35 4295-28 4313-63 


where the calculated values are obtained by the following assumptions: C-—F 1-379 A, C-—C 
1-534 A, C—H 1-094 A, CCC 110° 30, CCF 111°, dihedral angle for the gauche form 63 4 

CCH (CH,) 110° <HCH (CHy) 108° 48°, <CCH (CH,) 109° 38-3, and (CH,) 
108° 48’. 

Four sets of vibrational satellites are assigned for the trans form and six sets for the gauche 
form. Some transitions of one of these sets are split into doublets, so that the set is assigned to 
the methyl torsion. The barrier height of the methyl torsion obtained from these splittings is 
2-7 keal/mol for the trans form and 2-8 keal/mol for the gauche form. The strongest set of 
satellites is assigned to the central C—C torsion for both forms. the set due to its overtone 
state is also detected. The intensities of these satellites are measured relative to the correspond - 
ing lines of the ground state. The frequencies of the C——C torsion thus obtained are 90 em 
for the trans form and 150 em! for the gauche form. 

The intensity of the 44 4, , transition of the trans form is compared with that of the 7; 6 
transition of the gauche form at both dry ice and room temperatures. It is found from the 
temperature dependence of this intensity ratio that the qauche form is more stable than the 
trans form by 0-4 keal/mol 


Measurement of relative intensities of microwave absorption lines:* Aas Eserrr, Mallinckroct 
Chemical Laboratory, Harvard University, Cambridge, Massachusetts 


A technique has been developed which allows a conventional Stark-modulated spectrometer 
to be utilized for the measurement of the relative intensities of absorption lines. It has long 
been known that reflections from various waveguide components set up standing waves within 
the absorption cell resulting in effective path lengths that are functions of frequency. This 
effect is largely responsible for the errors of 20 per cent or more usually encountered in measuring 
intensity ratios. By careful choice and design of various waveguide elements and by the use of 
ferrite isolators, particularly ahead of the crystal holder, which was found to reflect very strongly, 
the problem of reflections has been satisfactorily eliminated. Also. non-linearities in the detee 
tion system were neutralized by the use of a calibrated attenuator inserted between the pre- 
amplifier and the detector. Finally, a number of other phenomena including power saturation, 
interference of nearby lines and lobes, and the presence of stray signals at the modulation 
frequency (pickup) have been investigated 

Measurements of the relative intensities of lines due to different isotopes, to various quadru- 


ole components, and to molecules in different vibrational states have been made. The deviation 
| | 


between the values obtained and those predicted by other means has been between 1 and 2 


per cent for seven such measurements 


* The research was mack possible by support extended Harvard University by the Office 
Research under ONR Contract Nonr 1866, Task Order XTV. 
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Barrier to internal rotation in methyl stannane:* SS. Burcuert and P. Canry,? Mallinckrodt 


Chemical Laboratory, Harvard University, Cambridge, Massachusetts. 


The microwave spectram of methyl stannane has been reinvestigated [1]. Ground state 
transitions for J—0--1 were measured for seven tin isotopes (116 to 124). Three torsional states 
for each of the 116, 118 and 120 isotopes were observed to be split into doublets due to vibration- 
internal rotation interaction, and their frequencies were fitted to K1IvELSON’s equation [2] 

B G, <m|n*|m > +F 
Values of F, 17-568 me and G, 0-3525 me were obtained, from which the torsional 
satellites of all the isotopes were calculated and agreed to within 0-3 me with observed transitions. 
From the observed splittings of the torsional states a barrier of 650 + 30 calories was calculated. 
Correlations between molecules in this series will be discussed. 


m | cos 3 6 | m 


v v 


The microwave spectrum of propionaldehyde:* Samvuer Burcner,§ Mallinckrodt Chemical 

Laboratory, Harvard University, Cambridge, Massachusetts. 

The microwave spectrum of propionaldehyde (CH,CH,CHO) has been examined in the 
region 8,000—35,000 mc. Rotational transitions have been assigned for two different conforma - 
tions. The moments of inertia of one of these agree quite well with those predicted for a cis 
conformation, in which all heavy atoms lie in a plane. Here }(J, + I, — I,) = 3-093 amu A? 
is observed compared with 3-075 amu A? calculated for four out-of-plane hydrogen atoms. For 
the second conformation, a-type R branch lines were assigned. Additional aspects of this 
problem will be discussed. 


Microwave spectrum, structure, and barrier to internal rotation of methyldifluoroarsine: Leonarp 
J. Nucent," National Bureau of Standards, Washington 25, D.C., and C. D. CornweE Lt, 
University of Wisconsin, Madison, Wisconsin. 

The spectrum of CH,AsF, was investigated over the range 10-33 kMe/s. Three Q-branches 

(K 5 4,6-+5, 7 — 6) and two R transitions (J 2—3,K J 3-4, K 3 4) 

were fitted by a Hamiltonian which included terms for overall rotation, internal rotation, 

nuclear quadrupole coupling and centrifugal distortion. The reciprocal moments of inertia are 

A = 5414-49 = 0-04 Me/s, B = 5381-28 + 0-03 Me/s, andC = 3871-88 + 0-03 Me/s. The b-axis 

is perpendicular to the plane of symmetry. The height of the internal rotation barrier (assumed 

to be sinusoidal) is 466 10cm. With the bond length roy 1-095 A assumed, the spectral 
data vield r,.. 1-930 ~ 0-010 A, ryy 1-734 + 0-005 A, <HCH 109°9’ + 1°, <CAsF 
95°40 14’, FAsF = 96° 18 16’. The quadrupole coupling constants for As’ are 

ce 220 4 Me/s and », (Gon — Yaa)! Vex 1-20 — 0-05. 


Session D 


Directions of vibrational transition moments in a molecular crystal of low symmetry: H. Svusr, 
Eastern Regional Research Laboratory,|| Philadelphia 18, Pennsylvania. 


The absorption of eleven infra-red active in-plane modes of crystalline monoclinic adipic 
acid was investigated as a function of the angle between the electric vector of linearly polarized 


* The research was made possible by support extended Harvard University by the Office of Naval 
Research under ONR Contract Nonr 1866, Task Order XTV. 

+ National Science Foundation Predoctoral Fellow, 1958-1961. 

* Monsanto Chemical Company Fellowship, 1959-1961. 

§ National Science Foundation Predoctoral Fellow, 1958-1961. 

© DuPont Summer Fellow, 1956; Union Carbide and Carbon Fellow, 1957-58; National Research 
Council, National Bureau of Standards, Research Associate, 1958-59. 

Eastern Utilization Research and Development Division, Agricultural Research Service, U.S. 

Department of Agriculture. 


1) D. Line, Jr., J. Chem. Phys. 19, 1605 (1956). 
2) D. Kivewson, J. Chem. Phys. 22, 1733 (1954). 
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incident radiation and the crystallographic c-axis in order to gain information concerning 
relationships between frequency dependent dielectric axes, directions of transition moment 
vectors and chemical structure in a molecular crystal with low symmetry. The frequently used 
approximation which assumes that absorbance is proportional to the squared dot product of the 
electric vector and the transition vector can lead to serious errors. Transition moment directions 
were therefore calculated by taking into account frequency dependent dielectric properties of 
the crystal. 

The results were compared with hypothetical idealized directions based on bond structure 
and local symmetry. The polarization of some modes which are commonly referred to as 
separable and characteristic was not in agreement with simple predictions. Some factors 
influencing directions of transition moments in systems of low symmetry are briefly discussed. 


Optically active lattice vibrations as treated by the GF-matrix method: Takenrko Suran- 
oucHt and Masamicut Tsusor, Department of Chemistry, Faculty of Science, Tokyo 
University, Hongo, Tokyo, Japan and Tarsvuo Mryazawa, Institute for Protein Research, 
Osaka University, Kitaku, Osaka, Japan. 


A general description is given of an application of the W1Lson’s GF-matrix method [1] to 
the treatment of optically active lattice vibrations. W1Lson’s way to obtain the normal fre- 
quencies and the normal co-ordinates of any system (group of atoms) is to obtain eigenvalues 
and eigenvectors of the matrix, GF’, where G is the inverse kinetic energy matrix and F the 
potential energy matrix of the system in question. When the system is composed of an infinite 
number of atoms, the order of the G or F matrix is infinite, since an infinite number of co- 
ordinates are to be taken into account. If the system has some translational symmetry, as does 
any crystal lattice, however, the G or F matrix of infinite order is a mere repetition of sub- 
matrices of a finite size. The G or F# matrix of a certain species of vibrations of a crystal can be 
constructed by summing these sub-matrices which have been multiplied by a proper set of 
phase factors. In the lattice vibrations that are active in the infrared absorption and/or Raman 
effect, the motion of all the Bravais cells takes place in phase. For such vibrations, all of the 
phase factors mentioned above are unity. The G or F matrix for these optically active vibra- 
tions can be obtained by adding the G or F matrix for a Bravais cell to the sum of all the @ or 
F matrices representing the interactions between the Bravais cells. The co-ordinate system in 
the above treatment may be either that of the internal co-ordinates or that of Cartesian 
co-ordinates. 

As examples, formulas are derived for the calculation of the frequencies of the lattice vibra- 
tions of a one-dimensional, the diamond, the zine-blende, the wurtzite and fluorite lattices. 


Infrared spectra of single crystal nitrates at low temperatures: ArrHur Maxr, National Bureau 
of Standards, Washington, D.C. 


Infrared absorption spectra of single crystals of sodium and potassium nitrate have been 
obtained under moderately high resolution and at temperatures down to 5°K. Observations 
have also been made using polarized light with oriented single ery stals. A number of absorption 
bands due to isotopic molecular species in their natural abundance have been identified. The 


splitting of the normally degenerate vibrational modes (vy, and y,) in NO'0O,'* and NO™0,!* is 


rather large and provides additional data for the calculation of intramolecular force constants. 
A number of combination and overtone bands have also been observed for the various isotopic 
species in natural abundance but it is doubtful that a complete set of anharmonicity constants 
can be obtained. 

The influence of crystal structure on certain aspects of the spectra will be discussed. Of 
particular interest is the totally symmetric mode of the nitrate ion which is forbidden in NaNO, 
but allowed in KNO,. Frequency shifts with temperature have been accurately measured and 
follow a pattern very similar to that observed in other ionic solids. 

1} E. B. Witson, J. Chem. Phys. 7, 1047 (1939); 9, 76 (1941). 
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Magneto reflexion spectroscopy for semiconductors: Davin F. Epwarps and Grorcr B. 
Wricut, Lincoln Laboratory,* Massachusetts Institute of Technology, Lexington 73, 
Massachusetts and Paut D. Maker, Institute of Science and Technology,+ University of 
Michigan, Ann Arbor, Michigan. 


The magnetoplasma reflexion effect will be discussed as it applies to semiconductors. A 
measurement of the splitting of the infrared plasma reflexion edge induced by a magnetic field 
allows a direct measure of the charge carrier effective mass. This determination of m* requires 
no prior information about the dielectric constant or carrier concentration of the solid. The 
techniques will be described and specific examples given for several semiconducting materials, 
specifically InAs and GaAs. From the plasma effect it is also possible to evaluate the carrier 
concentration homogeneity of a sample. This will be illustrated for a sample of InAs. 


Vibrational spectra of the phthalonitriles: J. J. Comeronp and 8. C. Warr, Jr., National 

Bureau of Standards, Washington 25, D.C. 

Solid state spectra for samples of 1,2-, 1,3-, and 1,4-dicyanobenzenes have been recorded in 
the 5000-260 em! region using prism-grating and prism spectrometers. Comparisons will be 
made with the spectra of other disubstituted benzenes in the long wavelength region. A detailed 
analysis of the vibrational spectra is being undertaken and some tentative assignments are 


sugyeste ad. 


Exciton transfer of vibrational angular momentum: Kk. M. Hexrer, Mellon Institute, Pittsburgh, 


Pennsvivania 


The encounter with a factor group splitting in a cubic crystal is not as rare as it may be 
thought to be. It has been observed in solid CO,, NaClOg, C,H,,, and possibly in CH,. There 
are numerous other opportunities for its observation. Its understanding is not so patent. It is 
treated here in terms of exciton theory. Such splittings will be shown to arise in the difference 
in the transition probabilities for exciton transfer from a state of vibrational angular momentum 
to another of opposite sign along chains of translationally equivalent molecules from that along 
chains of translationally inequivalent molecules. 


The infrared spectra of methyl ammonium halides at low temperatures: A. (awana and C. 


SanDoRFY, Départment de Chimie, Université de Montréal, Montréal, Canada. 


The spectrum of methylammonium chloride was examined by Watprown [1]. We have 
measured the spectra of the four methylammonium halides at 21°C, —190°C and at intermediate 


temperatures in the solid phase. The room temperature spectra are consistent with C,,, sym- 
metry. With the probable exception of the fluoride, the salts undergo phase changes at low 
temperatures and the symmetry is lowered. 

These compounds exhibit hydrogen bonding of the N--H—-X~ type (X= F, Cl, Br, I) with 


some regular changes from one halogen to the other. 


The spectra are discussed in detail. 


Far infrared spectra of solid methyl halides: Wavrer J. Larrerry and Dean W. Roprnson, 
Department of Chemistry, The Johns Hopkins University, Baltimore 18, Maryland. 


The infrared spectra of methy! halides condensed rapidly from the vapor onto a window 
held at liquid nitrogen temperature have been examined from 30 to 130 em™. Two sharp bands 
are found for each compound which are interpreted as arising from the A- and B-axis librational 
modes of molecules on the C, crystal sites. Effects of correlation interaction are absent. The 


* Operated with support from the U.S. Army, Navy, and Air Force. 


+t Part of this work was conducted by Project MICHIGAN under a Department of the Army contract 
administered by the U.S. Army Signal Corps. 


' Supported by the Office of Scientific Research, United States Air Force. 


1} R. D. Wactprow, J. Chem. Phys. 21, 734 (1953). 
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behavior of the spectra upon annealing of the deposits will be discussed and interpreted on the 
basis of possible structures of the rapidly condensed samples. 


Session E 


The electronic spectrum of benzo |«| anthracene: J. L. Parenauper, P. Savuvacrav and C. 
SanDorFy, Départment de chimie, Université de Montréal, Montréal, P.Q., Canada. 


The ultraviolet absorption spectra from 25000 to 46000 cm! of benzo[aJanthracene and of 
its twelve monomethy! derivatives were measured in solid hydrocarbon glasses at liquid air 
temperature. The effects of temperature on the individual bands were studied. The fluorescence 
spectra at room temperature were also determined, 

The results obtained give evidence of the fact that between 26000 and 33000 cm! there are 
two extended overlapping electronic band systems. The « (L, «—1A4) band system does include 
not only the weak bands between 26000 and 27000 em™! but continues much further below the 


p-band system reaching about 31000 em~! 


It is very probable that there are two ove rlapping 
electronic band systems in the 33000-38000 em~! region as well and three more electronic band 
systems from 38000 to 46000 em~!. 

The spectrum of the “crowded” molecule 1,12 dimethyl! benzo[«]anthracene is also presented 


and discussed. 


Electronic spectra of divalent rare earth ions in CaF,: 1). L. Woop, W. K. Kaiser, ©. G. B. 
GARRETT, Bell Telephone Laboratories, Inc., Murray Hill, New Jersey. 


Divalent rare earth ions in the CaF, lattice give rise to both broad band and sharp line 
absorption and emission (fluorescence) spectra. One of these systems, CaF,:Sm** shows very 
intense luminescence and has been successfully used as an optical maser material. The broad 
absorption bands for CaF,:Sm** break up into many components at low temperature, and the 
oscillator strengths of the component lines are of the order of 10%. These lines therefore must 
be due to parity allowed 4f—5d transitions. Other lines have oscillator strengths in the range 
from 10~-' to 10~* and are due to 4f—4f transitions which are parity forbidden. The results of new 
measurements on the spectrum of CaF ,:Sm* will be discussed in terms of the crystal field 
model of the rare earth ion in the lattice. Some remarks about the spectra of Eu?* and Yb? 
in CaF, will also be included. 


The unimolecular decay of the triplet state of anthracene in fluid and viscous media: An experi- 
mental study: RK. Livinesron and G. Jackson, Department of Chemistry, University of 
Minnesota, Minneapolis, Minnesota. 


The rate of decay of the triplet state of anthracene, dissolved in hexane, tetrahydrofuran, 
and glycerol, has been measured at temperatures ranging from 30 to 70°C. In fluid solvents 
at ordinary temperatures, the decay appears to be chiefly the result of a bi-molecular quenching 
reaction involving an unknown quencher, present in trace amounts even in highly purified 
solvents. In addition, there appears to be a unimolecular, temperature-independent decay, 
corresponding to an intrinsic mean life of about 0-01 sec. In glycerol, the first-order rate 
constant decreases rapidly with decreasing temperature, approaching a limiting half mile of 
about 0-04 sec at 25°C. For 1, 2, 5, 6 dibenzanthracene, the corresponding half-life is 1-3 sec. 
These limiting values for the mean lives are fairly close to published values obtained for the 
same compounds in EPA at liquid-nitrogen temperatures. 


Polarization of 7’ -- S emission spectra of pyrazine and pyrimidine: V. (+. KrisHna and Lionen 
GoopMAN, Chemistry Department, Whitmore Laboratory, The Pennsylvania State Uni- 
versity, University Park, Pennsylvania. 

Polarizations of T’ — S emission bands have been determined for pyrazine and pyrimidine 
relative to n — 7* ('W « 1A) and first 7 — 2* ('L, «14A) transitions. The method consists in 
exciting at 77°K into both n -— 7* and first 7 —- 7* absorption bands separately using narrow 
band monochromatic light and measuring the polarization of the resulting emission bands. 
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I. The phosphorescence of both azines is found to be unambiguously polarized perpendicular 


to the 'W «14 (n -+ x*) absorption and is thus polarized in the plane of the molecule. 
This result is completely consistent with spin-orbit coupling theory for a transition involving 


promotion of a o-electron to a z-orbital and thus can be taken as the experimental verification 


of spin-orbit coupling in molecules 
If. The pyrazine phosphorescence is polarized | to the 'L, «1A (# + *) transition. The 
pyrimidine emission polarization indicates both || and | components to the 1, «1A transition. 
These results are consistent with the Clementi-Kasha-—Sidman central field spin-orbit 


coupling scheme. In a central field approximation only A coupling states are predicted for 
pyrazine, whereas both A and B states are predicted for pyrimidine. 


Far ultraviolet spectra of organic iodine compounds: Roserr F. ScHavure.e, Chemistry Depart- 
ment, Whitmore Laboratory, The Pennsylvania State University, University Park, Pennsyl- 


vania,. 


The far U.V. bands occurring in simple organic iodine compounds are investigated using 


substituent perturbations. Correlations of intensity and energy are made over a related series 
1 


of compounds. Detailed rotational analvsis is in progress. The transition ry ~ 50,000 em™? is 
I 


concluded to arise from the promotion of a delocalized z-electron (in planar iodine compounds) 


to a nonbonding localized iodine orbital primarily 6s in character. 


Absorption spectrum of gaseous benzyne: K. Srernen Berry and G. Nei Spokes, Sterling 
Chemistry Laboratory, Yale University, New Haven, Connecticut, and R. MARTIN STILEs, 
Department of Chemistry, University of Michigan, Ann Arbor, Michigan. 


Evidence from absorption spectra has been given that gaseous benzyne (1,2-dehydrobenzene) 
is produced when solid films of benzene diazonium 2-carboxylate (I) are flash-photolyzed [1]. 
A broad, structureless band (A max ~ 2450 A) was assigned tentatively to benzyne absorption. 
Further studies have supported this assignment, largely by eliminating other possible sources 
of the absorption. Wrrrie and co-workers have shown that o-iodophenyl mercuric iodide (II) 
reacts in a way characteristic of benzyne [2]. Flash-photolysis of II, supplied by Professor 
WirrtiG, gives the same transient absorption as I. Biphenylene, the dimer of benzyne, appears 


after photolysis of I, but does not appear after photolysis of IT unless excess hydrogen is present. 
Hence biphenylene is probably not responsible for the transient absorption; other possibilities 


are excluded on trivial chemical grounds. 

Both I and II show traces of benzene in their product spectra. No evidence was found for 
reaction of gaseous benzyne with either, CO, or BF,. The intensity and time of appearance of 
the transient absorption depend on the surface on which the film is deposited. At short times, 
a concentration gradient is apparent in the cell, due to movement of the transient absorber. 


Atomic silicon is produced, apparently from the cell walls. 


Bond alternation in cyclic hydrocarbons: Marris GourerMAN and GErorGES WAGNIERE, 
Chemistry Department, Harvard University, Cambridge 38, Massachusetts. 


The effect of bond alternation is to shift transitions to the blue and to weaken them. This 


result can be seen from the nature of the transitions inthe limit of zero alternation (cyclic 
polyene model) or complete alternation (exciton model). The height of the barrier to the 


alternation distortion is discussed as well as the experimental effects it should produce. 


On the electronic transitions in the near ultraviolet absorption band of pyridine: D. D. Pant and 
M. Kasna, Department of Chemistry and Institute of Molecular Biophysics, Florida State 


University, Tallahassee, Florida. 


The well-known absorption of pyridine at 3000-2300 A has been reexamined in detail. This 


band was interpreted to consist of three electronic transitions [3], on the basis of solvent effect 


1} R. S. Berry, G. N. Spokes and R. M. Stites, J. Am. Chem. Soc. 82, 5240 (1960). 
2) G. Wrrrie and H. F. Eset, Z. angew. Chem. 72, 564 (1960). 
3) M. Kaswa, Discussions Faraday Soc. 9, 14 (1950). 
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studies by Rerp and Kasna [1] and SterHENSON [2]. The presence of a weak n-z* transition in 
the 2700-3000 A region was confirmed by the work of Rusu and Sponer [3] who assigned 
2875 A as the 0,0 band of an allowed n-2* transition. 


In the region 2300-2700 A the presence of a 7-7* transition is required by the experimental 


evidence and by the analogy with benzene. However, the lack of good spectral resolution has 


hindered vibrational analysis and an accurate assignment of the 0,0 band. The presence of a 


second n-7* transition in this region has not been confirmed securely. 


The absorption contours of the strong part of the pyridine 2600 A absorption in hydrocarbon 


solvent to which progressively increasing amounts of ethanol are added confirm the presence of 


two electronic transitions in the 2300-2700 A region, one of which must be an n-r* transition. 


The absorption contours of pentadeuteropyridine also confirm this analysis: the 2700-3000 A 


transition is blue-shifted by 180 em”! in pentadeuteropyridine vapor spectrum, and the band 


profile is very similar to that of pyridine. The 2300-2700 A transition undergoes a striking 


change in band profile in the vapor spectrum suggesting that two electronic transitions have 


been shifted differentially in the pentadeuteropyridine. 


Selective excitation of co-ordinated T1m(IV) via intramolecular energy transfer: (|. A. Crosny 
and R. E, WHan, Department of Chemistry, University of New Mexico, Albuquerque, New 
Mexico. 


Excitation of lanthanide chelates with near ultraviolet light results in line emission from the 
rare earth ion whenever the lowest triplet level of the complex lies above or very near to the 


resonance level of the ion. By a suitable choice of chelating agents it has been possible to 


selectively excite the 1G, energy level of the T’m(IV) ion, thereby permitting a conclusive 


assignment of the combining states of the observed radiative transitions. These assignments 


are in agreement with the spectroscopic work on T'’m(IV) embedded in CaWO,. Preliminary 
results on crystal field splitting of T’m(IV) energy levels will be presented. 


Theoretical vibrational energy levels of H. associated with various LC STO MO configuration com- 
binations: (:. M. Leres, Department of Physics, Georgetown University, Washington, D.C. 


Vibrational energy levels G, and first differences AG, have been determined for eleven 


different theoretical potential curves of the H, ground electronic state. These potential curves 
were previously determined by McLean et al. [4] using LC STO MO wave functions with 


configuration interaction. Values of G, and AG, have been calculated for each potential curve 


through the use of the WBK approximation. Since each wave function differs from the preceed- 


ing one by the addition of one more configuration, a comparison of the AG,, curves provides a 


measure of the influence of each configuration on the shape of the AG, curve. The effects of 


each configuration on the vibrational levels will be discussed. The AG, curves group into two 


distinct families. All wave functions which include the (¢,/sa,ls’) configuration have rapidly 


converging vibrational levels at high quantum number v, characteristic of the experimental 


levels. Those wave functions which exclude (¢,/sc,/s’) show AG,, curves which have a positive 


curvature at all values of v for which caleulations have been made. 


Theoretically calculated vibrational-rotational spectrum of H,, HD, and D,: James W. Coo.ery, 
Institute of Mathematical Sciences, New York University, New York 3, New York. 


The term values and vibrational—rotational wave functions of H,, HD, and D, were caleu- 


lated by a numerical procedure [5] for solving the radial Schroedinger equation using the 
internuclear potential computed by Koios and Roornaan [6]. The Van VLECK corrections [7] 


[1] Cf Ref. 1; and also M. Kasna, The Nature and Significance of n-7* Transitions, in Light and Life, 
Johns Hopkins University Press, Baltimore (1961). 

[2] H. P. SterHenson, J. Chem. Phys. 22, 1077 (1954). 

J. Rusw and H. Sponer, J. Chem. Phys. 20, 1847 (1952). 

[4] A. D. McLean, A. Weiss and M. Yosurmine, Revs. Modern Phys. 32, 211 (1960). 

[5) J. W. Cootry, AEC Research and Development Report NYO-9490, Institute of Mathematical 
Sciences, New York University, New York. 

|6) W. Koros and C. C, J. Roornaan, Revs. Modern Phys. 32, 205 (1960). 

[7] J. H. Van Vieck, J. Chem. Phys. 4, 327 (1936). 
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were applied to the vibrational quanta, rotational constants, Raman displacements and dissocia- 
tion energies, derived from the computed term values. The results are compared with the 
spectroscopic data reported by SrorcHEerr [1], HERZBERG and Howe [2], DuNE-HERZzBERG [3], 
HERZBERG and Monri ts [4] and others. 


Session G 


Hyperfine structure in the microwave spectrum of chlorine dioxide and the microwave spectrum 
of KR. F. Curt, Jr., and Rosert F. Heme vserc, Dept. of Chemistry, Rice 


University, Houston, Texas and James L. Kinsey, Dept. of Chemistry, University of 


California, Berkeley 4, California. 


The microwave spectrum of chlorine dioxide has already been assigned and a crude hyperfine 
structure analysis given [5]. The approximate interaction parameters obtained [5] have been 
found to be indeed approximately correct, but have been refined. The hyperfine structure can 
now be fitted nearly to experimental error. Hyperfine structure matrix elements off-diagonal 
in the rotational quantum numbers have been found to give a small but significant effect 
through second-order perturbation. Some discussion of the interpretation of the hyperfine 
interaction constants will be given. 

The rotational assignment and geometrical structure previously given! have been completely 
confirmed by the spectrum of CP°O'™O!, Isotope effects on the hyperfine constants will be 


discussed 


The microwave rotation spectrum of the bi-molecule CF,COOH HCOOH: (:. I’. Sxivastava 
and ©. C, Costary, Division of Pure Physics, National Research Council, Sussex Drive, 


Ottawa, Canada 


The pure rotation spectrum of the hydrogen bonded bi-molecule CF,COOH--HCOOH has 
been obtaimed using a mixture of trifluoroacetic and formic acid vapor. The conditions required 
for the appearance of the spectrum are those predicted from the association constants for cyclic 
dimer formation 

The strongest feature of the spectrum is a series of broad lines which can be represented by 
' B C)i(J 1). From the value of B C’, and assumed structures of the parent molecules, 
a preliminary value of 2-69 A has been obtained for the O—-H—O distance. Further studies 
are being made with the deuterated species 


The dc.ermination of conformation by nuclear magnetic resonance: M. (ineen and E. A. ©. 
LucKen, Cyanamid European Research Institute, Cologny, Geneva, Switzerland. 


It has been shown by Karptus and by Conroy that the spin-spin coupling constant between 
vicinal protons should vary as the square of the cosine of the dihedral angle between the two 
carbon— hydrogen bonds and their relationship has been shown to be valid for a number of rigid 
molecules of known conformation. Molecules in which a dihydrobornadiene group is fused to 
another cyclic system provide a suitable class of compounds whose conformation should be 
determinable from this re lationship, since the dihedral angle between the exo protons and the 
adjacent tertiary protons is 40° while that between the endo-protons and the tertiary protons 


i SU. so that the corr sponding coupling constants should be 3—4 c/s and 0 e/s 


We have measured the nuclear magnetic resonance spectra of the following four compounds 


of th 


is twp thereby determined their conformation. The first two compounds, which are 
Diels A adducts of cyclopentadiene and benzoquinone, have the endo-conformation thus 
providing atl irther « xample of the stereo sy cificity of this type of Diels—Alder reaction The 


Phys 35. 730 (1057 
L. Hown, Can. J. Phys. $7, 636 (1959 
Heaznens. Con. J. Phys 38, 806 (1060 
J. Mol. Spect py §, 482 (1960 
Kinsey, G. Baker, Jaues C. Barnp, Geornce R. Biap, Roserr F. 
P. R. and C. N. Kenney, Phys. Rev. 121, 1119 (1961) 


1104 


et. 
VOL. 
1) B. P. Coy 
G. Henze and | 
3) KR. A. Dente and G 
A 
7 T. M 


Symposium on molecular structure and spectroscopy 


stereo isomer of II, prepared by enolization of the primary Diels—Alder adduct, has the mixed 
endo—exo conformation, while compound IV appears to have the exo-conformation. 

The spin-coupling constants between the gun protons of the methylene groups show that 
strain has here increased the tetrahedral angle to between 112°—114°. 


(IL) 


(Two isomers) 


NMR study of solvent effects on P—H coupling: H. W. Parron, Research Laboratories, Tennes- 
see Eastman Company, Kingsport, Tennessee. 

The effects of solvents on NMR chemical shifts are well known [1]. Perceptible changes in 
spin coupling constants due to medium effects are reported for a very few systems [2]. The 
few reported changes were observed for hydrogen atoms attached to adjacent carbon atoms 
and attributed to variation of nuclear spin coupling with dihedral angle. 

In this paper the P—-H coupling constants (from proton resonance) for dialkyl hydrogen 
phosphites in various solvents are reported. Some solvents increased the coupling and others 
decreased it with respect to the value for the heat liquid. Monotonic variation with concentra- 
tion was observed. The solvent effects described are of a different kind from those previously 
reported in that they involve couplings between atoms directly bonded together. 


Theory of NMR chemical shifts in aromatic fluorine compounds: FRranKuin P. Prosser. Lioner 
GoopMAN, and Rosert W. Tart, Jr., Chemistry Department, Whitmore Laboratory, The 
Pennsylvania State University, University Park, Pennsylvania. 

Ramsey's equation for the NMR screening constant is analyzed using an ASMO ground state 
wave function. It is shown that for aromatic fluorine compounds only the charge density at 
the fluorine atom and in the carbon—fluorine bond contribute significantly to the screening 
constant. 

Using the assumption that the important changes upon substitution in the meta or para 
positions occur in the z-electron system, the chemical shift is derived to be a linear function of 
the changes in the fluorine 7z-electron charge density and in the carbon—fluorine z-electron 
bond order. The fluorine 7-charge density term is controlled by the fluorine o charge d« nsity 
and the carbon—fluorine ¢ bond orders; the 7-bond order term is controlled by the fluorine ¢ 
charge density. 


Recent work in hindered rotations: Donato W. Scorr, Thermodynamics Laboratory of the 
Bartlesville Petroleum Research Center, Bureau of Mines, U.S. Department of the Interior, 
Bartlesville, Oklahoma. 


Hindered rotation in complex molecules may involve (a) Se\ eral n-fold barriers, not neces 
sarily equivalent, (b) rotational isomers, and (c) pseudo-rotation of puckered 5-membered 
rings. Microwave and thermodynamic methods are equally applicable for studying single n-fold 
barriers, or several equivalent ones, in simple molecules, and give gratifyingly concordant 
results. However, thermodynamic methods have been used almost exclusively thus far for 
studying hindered rotation in complex molecules. 


{I A. A. Boruner-By, J. Mol. Spectroscopy 5, 52 (1960). 
[2) E. B. Wurepece, J. H. Gotpsret and G. R. McCivre, J. Am. Chem. Soc. 82, 3811 (1960). 
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sitions of thermodynamic methods are illustrated by recent studies of a) non 
fold barriers of 3.3-dimethyl-2-thiabutane (methyl ¢-butyl sulfide), (b) rotational 

of 2-methylbutane (isopentane), and (c) pseudo-rotation of cyclopentanethiol (cyclo- 
silorimetric values of entropy and heat capacity (the latter over a wide 

two parameters related to hindered rotation may be evaluated after 


ional anharmonicity have been treated empirically 


Molecular beam electric resonance spectra of LiF, LiCl, and NaCl: L. Perer Goip and Lexxarp 
Warton, Department of Chemistry, Harvard University, Cambridge 38, Massachusetts. 
tric resonance spectra of Li?F, Li®F, Li-CP®, NaCP® and 

The transition observed is 1, in 

ost cases several vibrational states have been examined. The electric 

and several internal interaction parameters such as quadrupole coupling con 


stants and spin-rotation interaction constants have been determined 


Calculation of molecular beam electric resonance spectra:* Jenny (ioopisMan and L. Perer 


GoLp, Department of Chemistry, Harvard University, Cambridge 38, Massachusetts 


We have written IBM 709 computer programs which calculate the energy levels, transition 
quencies and line strengths of a diatomic molecule in an electric field. The Hamiltonian 
he Stark energy, quadrupole interactions, spin-rotation interactions and the magnetic 

These programs permit a rapid analysis of molecular beam electric 

diate and strong field cases. The use of the programs and 


will be illustrated by a discussion of the spectrum 


Molecular beam electric resonance spectrum of lithium hydride: Lexxarp Wuarroy, L. Perer 
Goip, and Chemistry Department, Harvard University, Cambridge 
38, Massachusetts 
The molecular beam electric resonance spectra of lithium hydride and lithium deuteride 

have been measured. The principal transition studied is J 1, M, O—+J 1, W, l 

in a strong electric field. The derived molecular parameters are presently: 


ot 
\¢ D Li 
(Debve 


6-09S 


asured with a precision of approximately 100 c/s. Therefore the values 


f the constants are capable of being further refined with our present spectral data 


4 discussion of the chemical significance of the « xp rimental molecular parameters, together 


with a comparison with those obtained from ab initio calculations, will be presented. 


Generalized valence bond theory of nuclear spin spin interaction in '< molecules; application to 
and spin couplings: P. T. and M. Karpivus, Department of Chemistry, 
Columbia Universitv, New York 27. New York. 


Expressions for nuclear spin-spin coupling constants (7) in 'S molecules are obtained with a 


* This work was done in part at the M.I.T. Computation Center, Cambridge, Mass. 
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generalized valence bond (v.b.) function and second-order perturbation theory. Both electron- 
spin and electron-orbital contributions are included in the formulation. For evaluating the 
contact and dipolar spin terms, a modification of the usual Rumer—Pauling rules is developed. 
“Long-range” approximations for J in the v.b. scheme are introduced and the required integrals 
are calculated with suitable atomic orbitals. It is found that earlier estimates [1, 2] of some of 
these integrals are considerably in error. Applications to coupling constants involving C® and 
F?* nuclei are given for typical systems. The v.b. expressions for J derived here are more general 
in that all terms besides the “contact” term are considered. Further, the present theory is 


applicable to directly bonded as well as non-bonded nuclei. 


Session H 
Far infrared spectra of hydrogen-bonded ferroelectrics: 1). Hanzi, Mellon Institute, Pittsburgh 


13, Pennsylvania, and the University of Ljubljana, Ljubljana, Yugoslavia. 


We have investigated absorption spectra between 400 and 70 cm 1 of several ammonium 
and alkali phosphates, arsenates, and sulfates which have ferroelectric properties. The powdered 
samples were embedded in polyethylene films and recorded both above and below the Curie 
point jands between 120 and 140 cm™! were observed with some of the compounds containing 
short hydrogen bonds having two potential minima. These bands are believed to be due to the 


transition between the split ground level of the OH oscillator. 


Infrared free carrier faraday rotation and Voigt double refraction in semiconductors: FE. D. 
Panik, U.S. Naval Research Laboratory, Washington, D.C. 


Faraday rotation and Voigt double refraction experiments in the infrared have yielded 
information about the conduction band structure of III-V compounds. The measurements 
were carried out in the wavelength range 10-40 ». Polyethylene polarizers were used to produce 
and measure plane polarized light in the Faraday effect. Polyethylene polarizers and a quarter 
wave plate were used to measure elliptically polarized light in the Voigt effect. Either experi- 
ment gives the effective mass from a knowledge of wavelength A, magnetic field H, dielectric 
constant ¢ and rotation angle 6 or phase angle 4 if the carrier concentration V is known. Combin- 
ing the results of the two experiments gives both the effective mass and carrier concentration 


directly. 


The three-electron (or hole) cubic ligand field spectrum: A. LD). Lirur, Bell Telephone Labora- 
tories Incorporated, Murray Hill, New Jersey. 

The most general set of secular equations for a kd* 7W(k 3, 4, 5), transition metal complex 
in a cubic environs which is allowed by the fundamental approximations of ligand field theory 
has recently been derived by E1sENSTEIN and has been subsequently utilized by him to interpret 
the magnetic and optical properties of K,ReCl, and IrF, [3]. As his final energy determinants 
have a more lucid form than the presently available (corresponding) unpublished energy matrix 
elements of WEAKLIEM [4] and of Racaun et al. [5] we have used those of EISENSTEIN in our 


present systematic study of the optical properties of the cubic kd.’ transition metal systems. 
Proceeding as in our previous investigations of the kd", (n 1, 2, 8, 9), problems [6, 7], we 


have computed the variation of the energy as a function of the ligand field parameter Dq, the 
spin-orbit coupling constant A, and the electron correlation integrals B and C. To simplify our 
problem and to save time on the Bell Telephone Laboratories 1.B.M. 7090 data processing 


fl) H. M. McConne tt, J. Chem. Phys. 24, 460 (1956). 
2)} G. A. WrttiaMs and H. 8. Gurowsky, J. Chem. Phys. 30, 717 (1959). 
| J. C. Ersensters. Private communication (1960); J. Chem. Phys. (In press); 32, 1887 (1960); 
33, 1530 (1960). 
H. A. WEAKLIEM, Jr. Private communication (1960). 
G. Racan, G. ScHonretp and W. Low. Private communication (1960); G. Scnonretp. Thesis, 
Hebrew University, Israel (1959). 
| A. D. Lrenr and C. J. BattHausen, Ann. Phys., N.Y. 6, 134 (1959). 
| A. D. Lrenr, J. Phys. Chem. 64, 43 (1960). 
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machine, we have employed the theoretical ratio of C/B 4 in our calculations. The results 
obtained have been graphically and tabularly portrayed and will be presented in these forms. 
Particular attention will be paid to the spectral effects of spin-orbit interactions in a variety of 
ked3.7 (kh 3, 4, 5) compounds, and a general commentary on the future usefulness of this and 
other works [3-7] will be given. 


Spectra of the one and two electron (or hole) transition metal cyanide complexes: |. RK. Prrv- 
MAREDDI, A. W. Apamson, Department of Chemistry, University of Southern California, 
Los Angeles 7, California, and A. D. Lrenr, Bell Telephone Laboratories, Murray Hill, New 


ar rsey 


The transition metal cyanides have for a number of years eluded a systematic classification 
of their spectra. This circumstance arose quite simply because elementary estimates of their 
expected energy spectrum by means of an electrostatic crystal field model gave meaningless 
results. In recent vears, however, the success attained by the molecular orbital based crystal 
field theory, the so-called ligand field theory, in the accurate prediction of the optical and 
magnetic properties of the first transition series complexes, has raised the hope that a similar 
model might also explain the spectra of the enigmatic cyanides, and perhaps eventually even 
those of the mystifving carbonyls, nitrosyls, ete. It is this latter hope which has instituted our 
attempt to corre late the spectra of the one and two electron (or hole) transition metal cvanides. 
The spectra thus far obtained will be displayed, and a theoretical explanation of the main 
spectral features will be given. A few points which require further theoretical investigation 


will be noted, and some suggestions for future progress will be made. 


The infrared spectra of thick films of CO, and CO, - H,O at low temperatures: Manity» FE. 


Jacox and E. Mellon Institute, Pittsburgh, Pennyslvania. 


High resolution infrared absorption studies on thick films of CO, and of dilute solid solutions 
of H,O in CO, have been made at 50°K and at 4°K. The isolation of H,O in the CO, matrix 
at 50° K is moderately good; monomer and dimer absorptions have been assigned in the 1600 
1650 em™! region. A spectroscopically observable complex between CO, and H,O is not formed. 
Similar svstems of lattice vibrations have been observed in combination with both vy and rg. In 
very thick films of pure CO,, », appears, weakly, at 50 K. In samples deposited at 4K the », 


absorption is intensified, and 2r, is also observed. 


The infrared spectrum of rhombic sulfur in the rock salt region: A study of the effect of tempera- 
ture on the intensity of overtone and combination bands:* \V. 1). Nerrt and T. H. WaLnut, 
Chemistry Department, Syracuse University, Syracuse, New York. 


Integrated relative intensities have been measured as a function of temperature and sample 
orientation for some overtone and combination bands in single crystals of rhombic sulfur. 
Intensities were measured for bands at 845 903 em~!, 936 and 1513 over a 
temperature range from 85°C to 185 C, 

An expression is derived which determines the dependence of the integrated intensity on 
temperature for overtone and combination bands in molecular crystals. The assumptions are 
made that the molecules in the ery stal may be treated as esse ntially independent units and that 
the higher harmonics arise from nonlinear terms in the dipole moment expansion. The com- 
ponent frequencies of the above overtone and combination bands have been assigned on the 
basis of a comparison of experimental and predicted values of integrated intensity as a function 
of temperature. The results of these measurements are used to establish rough values for some 


of the higher fundamental frequencies. In particular, it is found that two of the previously 
1 


assigned fundamentals, 532 em! (B,) and 520 em 
em"! and 434 (FE 
In addition, the structure of the broad band at 845 cm™ has been studied from the point of 


(Ey), should be changed to approximately 
3 respectively 
view that band structure in molecular crystals is due to combination with acoustic lattice modes. 


* This work was supported by a grant from the National Science Foundation. 
* Present address: The General Tire and Rubber Company, Akron, Ohio. 
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The temperature dependence at points well out on the tail of the band agrees with that predicted 


from a Boltzman distribution of equally spaced energy states, while that in the region close to 
the central frequency does not. This may be explained by the fact that, in the case of lattice 
combinations, mechanical anharmonicity plays the predominant role in determining band 
structure. 


Vibrational energy levels of ionic molecules bound by classical forces:* FEpwarp J. Foxy, 
Department of Physics, Georgetown University, Washington, D.C. 


Theoretical energy levels of Lil, NaCl, and InF (chosen as representative diatomic ionic 
molecules) have been calculated up to vibrational quantum number v 10,000. Two classical 
vibrational potentials were studied for each molecule. The first potential consisted of the 
Coulombic attraction term and a nuclear repulsion term, while the second added a polarizability 
term to the first. The vibrational energy levels were computed with an IBM 704 program, using 
a first-order WKB approximation. Analysis of the data shows that at very low v (v 30) a 
power series adequately represents the energy levels, while at very high values of v (7 — x) 
the energy levels approach H atom-like energies corresponding to a 1/r Coulombic potential. 
Further, the first energy difference curves show positive curvature at all v for all cases. Formulae 


will be presented that accurately yield the vibrational energies and first differences at all v. 


Molecular spectroscopy in liquid rare gases: J. Kwox and G. Wise Roprson, Gates and 
Crellin Laboratories of Chemistry, California Institute of Technology, Pasadena, California. 


Many simple molecules dissolve in liquid argon, krypton and xenon. The use of pressures 
up to 15 atm extends the liquid ranges of the rare gases so that they form a useful set of solvents 
over the continuous temperature range 182° to —55°C. These solvents have a tremendous 
advantage over other low temperature solvents in that they are very simple, are chemically inert 
and are transparent from the vacuum ultraviolet through the ultraviolet, the visible and the 
infrared regions of the spectrum. A low temperature cell employing barium fluoride windows 
and indium metal gaskets has been built and is being used for the study of rotational, vibrational 
and electronic motions of molecules in liquid rare gases. Ty pical spectra and their interpretation 
will be discussed. 


Session I 
Substituent effects in high resolution nuclear magnetic resonance spectra: J. H. Gioipsrery, 
Emory University, Atlanta, Georgia. 
Recent studies in microwave spectroscopy at Berkeley: Witiiam University of 
California, Berkeley, California. 


Session J 


The absorption spectrum of BO,: J. W. C. Jonns, Division of Pure Physics, National Research 
Council, Sussex Drive, Ottawa, Canada. 


The boron flame bands which have been known for many years have been observed in the 
flash photolysis of BC1,:O, mixtures. Under these conditions the bands are sharp and it has 
been possible to carry out a rotational analysis of many of them. The analysis shows, in agree- 
ment with the recent work of KASHAN and MILLIKAN, that the bands are due to a linear sym- 
metric BO, molecule and not B,O,. The strong visible bands result from an A 711, xX “I. 
transition but a B *Z,, X #11, transition has also been observed near 4070 A. Spin orbit 
and Renner parameters have been evaluated for both 7I1 states. 


The vacuum ultraviolet spectra of HBr and DBr: J. Sramprer, Division of Pure Physics, National 
Research Council, Sussex Drive, Ottawa, Canada. 


The absorption spectra of HBr and DBr have been obtained under high resolution in the 
region between 1500 A and 1190 A. Some forty bands of HBr and 25 of DBr have been observed 


* Supported by grants from Georgetown University and the United States Air Force Office of Scientific 
Research. 
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and rotational analyses obtained for the majority. The spectra are unusual in that little or no 
vibrational structure can be distinguished, and in that many of the bands show anomalies in 
their rotational structure. Some explanation of these facts will be offered in terms of unusual 


interactions which are to be expected for Rydberg-type states. 


Absorption spectrum of the hydrogen molecule in the vacuum ultraviolet region: IT. Namioka 
and M. Ocawa, Geophysics Research Directorate, Air Force Cambridge Research Labs., 
Office of Aerospace Research (USAF), L. G. Hanscom Field, Bedford, Massachusetts. 


The absorption spectrum of the H, molecule has been obtained with a 6-8-meter grazing 


incidence vacuum spectrograph in the wavelength region 930-750 A. Besides the Lyman bands 
the Werner bands and the D—X bands, several bands belonging to the transition’S,* — X42, 
were also observed. The results of the rotational analysis on these band systems and a possibility 
of autoionization at the (6—0) band of the D-——-X system will be discussed. 


Rydberg absorption series of CO, converging to the “II, state of CO,°: M. Ocawa and Y. Tanaka, 


Geophysics Research Directorate, Air Force Cambridge Research Laboratories, Office of 
Aerospace Research (USAF), L. G. Hanscom Field, Bedford, Mass. 


The absorption spectrum of CO, in the region 600-1000 A was reinvestigated with a 6-8- 


meter grazing incidence vacuum spectrograph with the He-continuum as background. 
The Rydberg series which converges to the 711, state of CO,*, which we were unable to 
analyze in previous work [1], was analyzed. The ionization potential has been determined to be 


17-323 eV; this agrees very well with the 17-325 eV determined as follows: 


13-788 eV (ist I.P.) 3-537 eV (?IL,—Il,,)* 17-325 eV. 
Unlike other series for CO,, this series showed strong vibration bands whose frequency is 


very close to the frequency vy of the | state of CO, 


Intramolecular excitation transfer splitting in the m -- x* transitions of the diazines: M. A. 
EL-Sayep and G. W. Rosrnson, Division of Chemistry and Chemical Engineering, California 


Institute of Technology, Pasadena, California. 

The electrons in each of the nitrogen nonbonding orbitals in a diazine can undergo v — 7* 
transitions. If the two nitrogens were infinitely far apart, the transitions would occur in de- 
generate pairs; but at finite distances interelectronic interactions split the degenerate excited 
states. It is of interest to know the magnitude of the splitting and to understand its origin for 
the lowest singlet (S’) and triplet (T) n, x* states. The splittings were studied experimentally 
through absorption and phosphorescence spectra of the diazines trapped in crystalline H,, Ne, 
Ar, Kr and Xe at 4-2°>K. The T «<-S spectrum of a 42-meter path of pyrazine vapor also was 
obtained. The splittings were calculated by an independent systems (valence bond) method 
which included electron exchange. Assumptions were: localization of the excited 7* orbital; 
n-orbital sp* hybridization in the excited states; and A. O. SLATER’s. Remarkable agreement 


between calculated and experimental results was obtained for all three diazines. The results 


> 7* transitions in these systems can be represented to a good first approxi- 


stugyest that the 


mation as simple » -> p transitions. This is physically reasonable because of the expected 


strong coulomb attraction of the excited electron with the remaining localized “‘nonbonding 


positive hole’. A few remarks will be made concerning the vibronic coupling problem in these 


molecules 


The fluorescence spectrum of naphthalene vapour: J. M. How.as and B. P. Srorcnerr, Division 
of Pure Physics, National Research Council, Sussex Drive, Ottawa 2, Ontario, Canada. 


The fluorescence spectra of naphthalene-/, and naphthalene-d, vapour in the 3100 A region 


have been photographed with a high speed spectrograph having a resolution of about 0-5 em 


{1) Y. Tanaka, A. 8S. Jursa and F. J. LeBrawnc, J. Chem. Phys. 32, 1199 (1960). 
{2} 8S. Mrozowsk1, Phys. Rev. 72, 682 (1947). 
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Resonance fluorescence and fluorescence with added helium have been observed. Analysis 
of the vibronic bands has been attempted using the criterion previously described [1] of a single 
maximum in the rotational contour of a band indicating long axis polarization of the transition 
moment (B,, vibronic symmetry) and a double maximum indicating short axis polarization 
(B,, vibronic symmetry). The existence of two ground-state vibrations of frequencies 506 em™! 
(b,,) and 516 em™! (a,) in naphthalene-h, and 490 em (b,,) and 493 em™! (a,) in naphthalene-d, 
will be discussed in relation to the fluorescence spectra. 


Interpretation of accurate vibrational differences in the near ultraviolet absorption spectra of 
1,3- and 1,4-diazine:* Suevsy G. and K. Kerru Innes, Department of Chemistry, 
Vanderbilt University, Nashville, Tennessee. 


An earlier report [2] emphasized the resolved rotational fine structure in the 2800-4000 A 


absorption by the three diazines. Analysis of the fine structures of a number of bands, particu- 
larly of the 1,2 and 1,4 compounds, showed that the edge of each sharp Q-branch was within 
0-2 em! of the true band center. It seemed likely that measurement of band heads at dis- 
persions of about 0-4 A/mm would lead to unique assignments for all strong bands, even those 
too badly overlapped for resolution of fine structure. The earlier measurements of the pyridazine 
band-head [2] and subsequent measurements for pyrazine and pyrimidine have confirmed this 
idea. 

The band centers of about 700 bands each of pyrazine and pyrimidine have been measured 
to within a few tenths of a em™!. This accuracy, supplemented by studies of the effects of 
temperature on band intensities, fixes uniquely the vibrational patterns, especially for the 
strongest bands. For example, most of the strongest pyrazine bands may be arranged in the 


following table: 


(50) 


582-7 
31458-5 (45) 30694-1 (14) 
585-3 585°8 
764-0 766-9 765°3 
32043°8 (30) 31279-9 (20) 30513-0 (6) 29747-7 (0) 


5858 766-2 765°8 586-0 
3 31865-7 (11) 31099-5 (0) 30333-7 (0) 


This example has been chosen because the difference of the upper and lower state frequencies 
exhibited here, 181 em™~!, previously has caused persistent difficulty in interpreting the pyrazine 
spectrum [2-4]. 

The most straightforward assignments of these and other vibrational differences will be 
discussed. The previous conclusion [2] that all strong bands have the common origin 30875-8 
em”! in the case of pyrazine and 31072-5 em™! for pyrimidine is reinforced. 


Fine structure of molecular hydrogen: Wit.iam Licuren, Physics Department, University of 
Chicago, Chicago 37, Illinois. 


By means of the molecular beam magnetic resonance (Rabi) technique, it has been found 


* Supported by the Office of Ordnance Research with funds supplied by the Advanced Research 
Projects Agency. 
+ DuPont Fellow, 1960-61. 
1} D. P. Craie, J. M. Howras, M. F. Repres and 8. C. Warr, Jr., Proc. Chem. Soc. (1959) 361. 
Innes, Tincner and Titrorp, Nature, Lond. 187, 500 (1960). 
(3) Ivo, Suimapa, and Mizusurma, J. Chem. Phys. 26, 1508 (1957). 
[4] R. C. Hirt, Spectrochim. Acta 12, 114 (1958). 
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that H, has a metastable electronic state. Measurements of the Zeeman effect have shown it 


to be c*z,, probably the lowest vibrational level. Precision measurements of the fine structure 


are in progres SS. 


A simple potential function for molecules: WW. T. Kixc, Metcalf Research Laboratory, Brown 
University, Providence 12, Rhode Island. 


A simple model is proposed, based upon a revised form of the orbital valence force field [ 1}, 
to account for the quadratic potential constants of molecules. The model accounts for the 
valence angle bending force constants and their interactions with bond stretching co-ordinates 
by considering both changes in bond hybridization due to molecular deformation, and forces 
between non-bonded atoms. 


The model is applied to the ammonia molecule and some of the implications are examined. 


Polarization studies of scatter and electronic emission from complex molecules: H. K. Howrrron 
and J. Kremen, American Instrument Company, Inc., Silver Spring, Maryland. 


Polarization of coherent scatter and Raman bands from solvents and of electronic emission 
from a variety of complex molecules has been measured in the visible and near UV using two 
crossed Ebert monochromators equipped with Glan prisms. The Rayleigh depolarization factors 
were also measured using a light-scattering photometer designed for measurement of extremely 
low depolarization factors. When the observed Raman bands corresponded to totally symmetric 
vibrations, they were highly polarized, as expected. Polarization of the fluorescence of some 
xanthydrol derivatives in glycerol at 296°K was found to vary from —0-2 to +0-44 with 
excitation in the range of 300-550 mu. 

This work was performed as part of the activities of the Task Group on Reagent Specifications 
and Standard Methods of Analysis, ASTM (E-13) Subcommittee on Molecular Emission. A 
brief review will be given of assignments for this group, results obtained and proposed plan of 


action. 


Session K 


Recent developments in the calculation of force constants by the method of least squares: Jou» 
Overenp and Bryce Crawrorp, Jr., Molecular Spectroscopy Laboratory, School of 
Chemistry, University of Minnesota, Minneapolis 14, Minnesota. 


In recent years force constants of many simple molecules have been calculated from vibra- 
tional-frequency data by the method of least squares, and this technique has now been extended 
to larger and more complex molecules. An important new development in the least-squares 
technique is the construction of the normal equations by the overlay principle, which allows a 
problem to be broken down so that the largest secular equation handled by the computer at any 
time is that of a single symmetry species. Yet it is possible to fit a set of force constants simul- 
taneously to a virtually unlimited number of symmetry species, isotopes or different molecules. 

We have also explored the problem of instability in the normal equations, and propose a 
criterion for the selection of force constants to be refined. It is obvious that the number of 
frequency data must exceed the number of independent parameters in a potential function, 
but in practice this criterion is seldom sufficient: in fact many force constants prove to be 
indeterminate even when there is a large excess of frequency data, and a stable solution of the 
normal equations can be achieved only by constraining certain force constants at arbitrary 
values. There are two problems associated with this technique; first, to determine the maximum 
number of force constants which can be determined significantly, second, to determine the par- 
ticular force constants which contribute to the indeterminacy. These developments, together 
with other useful points in the calculation of force constants, will be discussed. 


J. W. Loywert and P. J. Waeatiey, Trans. Faraday Soc. 45, 33 (1949). 
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Correlation of vibration frequencies in deuterated and non-deuterated molecules: Order, product 
and non-crossing rules, and a proposed reversal rule: Witiiam J. Taytor and Sam R. 
CorreLL, Department of Chemistry, Evans Laboratory, The Ohio State University, Columbus 
10, Ohio. 


The correlation of normal frequencies in deuterated and non-deuterated molecules is aided 
by the Teller—Redlich product rule, and the order rule which places upper and lower bounds on 
each frequency of the deuterated molecules when arranged ordinally. Neither rule is of much 
utility in identifying modes which represent similar motions in the two molecules. To clarify 
this it is useful to consider a hypothetical continuous plot of the logarithm of each normal 
frequency vs. the logarithm of mass of the substituted isotope (these continuous curves can be 
calculated in the harmonic approximation from estimated force constants.) The slope of each 
frequency curve is half the negative of the fraction of the kinetic energy of the normal mode 
contributed by the isotopic atoms, and lies between 0 and i, which is the equivalent of the 
order rule [1]. The sum of the slopes for all frequencies of a given symmetry species is fixed by 
the product rule. In the harmonic approximation frequencies of the same symmetry species 
may occasionally be accidentally degenerate, but exact degeneracy or crossing within a species 
will be prohibited by Fermi resonance. The proposed rule states that near degeneracy of two 
frequencies of the same species, at an intermediate isotopic mass, will result in an interchange 
of the role of the isotopic atoms in the associated modes in the deuterated and non-deuterated 
molecules. Therefore, if these two frequencies are arranged by type their order will be reversed. 
An example from B®H® and B®D® in which the small boron isotope splitting serves as an indicator 
will be discussed [2, 3]. 


Skeletal vibrations of isotactic helical polymers of C, symmetry: T. Onisui and 
Harrison M. Randall Laboratory of Physics, The University of Michigan, Ann Arbor, 
Michigan. 

The normal vibration frequencies corresponding to the skeletal modes of isotactic helical 
polymers of C, symmetry have been calculated following a method used by TapoKxoro [4]. The 
polymer is considered to be of the type (—-A—-B—.),,, with three such units per turn of the helix. 


X 
Examples of such structures are isotactic polypropylene and polystyrene. Each unit is taken to 
consist of three point masses, A, B, and X. If torsional coordinates are omitted, there are 
predicted to be six A-species vibrations and seven L-species vibrations. The former give rise 
to infrared bands polarized parallel to the helix axis, the latter to bands polarized perpendicular 
to this axis. G and F matrices were constructed by WrLson’s method, and a Urey—Bradley 
potential function was used. Numerical calculations were done on an IBM 704 for the case 
CH,—CH—) 


corresponding to polypropylene, viz. ( The results of this calculation will be 


n* 


CH, 
discussed, and possible assignments of bands in the infrared spectrum of polypropylene to 
skeletal modes of the helical chain will be considered. 


A general method of normal co-ordinate treatment of high polymers in helical conformations 
and skeletal vibrations of (—CH,—),,, (—CH,—O—.),,, and Tarsvo 


Miyazawa, Institute for Protein Research, Osaka University, Kitaku, Osaka, Japan. 


A general method of treating normal vibrations of infinite helical chains belonging to dihedral 
group is presented in terms of real symmetry co-ordinates. The G or F matrix of an infinite 
order is factored into the set of G(6) or F(6) associated with the phase difference 6. Optically 


[1] W. J. Tayvor, J. Chem. Phys. 22, 1780 (1954); 28, 625 (1958). 

[2] W. J. Tayior, C. W. Becxert, J. Y. Tune, R. B. HoLtpEen and H. L. Jounstron, Phys. Rev. 79, 
234 (1950). 

3) 8S. R. Corrett and W. J. Taytor. Unpublished data. 

|4| H. Tapoxoro, J. Chem. Phys. 38, 1558 (1960). 
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active frequencies of (—-CH,—), were calculated for various chain conformations, taking into 
account the torsional potential as well as the stretching, bending and repulsion potentials. 
The calculated frequencies of polyethylene and cyclopentane agreed with the observed values. 


The low infrared frequency was found to be conformation-sensitive. The infrared band of 


polytetrafluoroethylene at ca. 100 cm ~! may be primarily due to this skeletal mode. The 


infrared frequencies of polyoxymethylene were compared with the corresponding frequencies 
of (—-M—),, ealeulated for various conformations and were found to be in accord with Huggins’ 
model but not with the planar zigzag structure. The polarized infrared spectra of poly (ethylene 
glycol) were measured and the observed skeletal frequencies were compared with the corre- 
sponding frequencies of (—M—),. The observed spectra of this polymer were found to be in 


n 


accord with a model containing seven chemical units and five turns of the helix per fiber period. 


Relations among vibrational frequencies of isotopically substituted molecules: JuLiax HeicKkLen, 

Department of Chemistry, University of California, Berkeley 4, California. 

A simple derivation is given for the product, sum and complete isotope rules. Additional 
sum rules and their implications are presented. In particular it is shown that if equivalent 
atoms of a molecule are isotopically substituted then one relationship (the product rule) exists 
between two isotopic species; two more relationships (the first-order sum rules) exist among 
three isotopic species; two more relationships exist among four isotopic species; and for five 
or more tsotopie species all fre quencies are related. If the isotopic substitutions retain the full 
symmetry of the molecule, the above-mentioned relationships exist for each symmetry block. 
Even if isotopic substitution reduces the symmetry, the number of relationships is not diminished. 
Furthermore, if equivalent atoms are isotopically substituted, then for the in-plane vibrations 
of planar molecules, all the virbational frequencies are related among four or more isotopic 
species; for the out-of-plane vibrations of planar molecules and for linear molecules, all the 


vibrations are related among three or more isotopic species (the complete isotope rule). 


A new sum rule and some simple applications:* Lione. Sacem, Mallinckrodt Chemical Labora- 
tory, Harvard University, Cambridge, Massachusetts. 


A new sum-rule is derived for certain sums of the form 
i| B,,.|e 


The result is exact and involves no approximations such as energy averages, etc. 
The rule is applied to the study of two cases where the Hellmann—Feynman theorem yields 
incorrect forces if unperturbed wave functions are used to calculate the electron density: 
(a) The neutral atom in a uniform electric field 
(b) The London-—van der Waals interaction of two neutral atoms. 


Empirical functions for vibrational energy differences of H,:*+ MonamManp Snari and ©. L. 

Becket, Department of Physics, Georgetown University, Washington, D.C. 

A number of analytic functions other than power series have been used to represent the 
vibrational differences of the ground state of H,. The best of these functions will be presented 
and the roles that the concepts of covalency and ionicity played in their choice will be discussed. 
Several of the functions give significantly better results than can be obtained with a power 
series. The best formulae indicate the existence of an unobserved v 15 level. 


Urey Bradley force constants and normal co-ordinates of pyridine: (i1userre Zerei, Joun 
OveREND and Bryce L. Crawrorp, Jr., Molecular Spectroscopy Laboratory, School of 
Chemistry, University of Minnesota, Minneapolis 14, Minnesota. 

\ Urey—Bradley force field has been fitted to the observed vibrational frequencies of pyridine 
and four of its more symmetrical deuterium isotopes. The resonance modification to the basic 


* The research was made possible by support extended Harvard University by the Office of Naval 


Research under ONR Contract Nonr 1866, Task Order XIV. 
+ This work was supported by a grant from the U.S. Air Force Office of Scientific Research. 
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UBFF has been tried and the results are compared with those determined using the basic 
UBFF. The vibrational assignments of these molecules are discussed in terms of the calculated 
normal co-ordinates and the potential-energy distributions in Urey—Bradley space. 


The application of the Urey-Bradley force field to the planar vibrations of benzene: James R. 
SCHERER and JOHN OVEREND,* Chemical Physics Research Laboratory, The Dow Chemical 
Company, Midland, Michigan. 


CALIFANO and CrawFrorp [1] have recently demonstrated that a basic Urey—Bradley Force 
Field reproduces Ingold’s assignment of the palnar B 


vibration fundamentals of benzene but 


2u 


does not give acceptable agreement with the Mair—Hornig assignment. We propose an extension 
to the basic UBFF (Kekulé model) which removes these objections to the Mair—Hornig assign- 


ment, and the normal modes for this model are discussed and compared with those obtained 


for the Ingold assignment. This model gives a slightly better frequency fit for certain vibrational 


modes and, although the Ingold assignment cannot be excluded on the basis of our results for 


benzene, a slight preference for the Mair—Hornig assignment is indicated. 


The benzene assignment has been resolved by a study of the chlorobenzenes. We have shown 


that an unmodified UBFF cannot explain satisfactorily the observed spectra of sym trichloro- 


benzene, but, when the basic UBFF is modified with the Kekulé model the calculated frequencies 


agree well with the observed spectra. 


An application of the Kekulé model to a condensed aromatic system: Naphthalene: James R. 
SCHERER, Chemical Physics Research Laboratory, The Dow Chemical Company, Midland, 
Michigan. 


An extension of the Urey—Bradley force field for aromatic rings has been applied to a caleula- 


tion of the planar vibration fundamentals of naphthalene, using only sixteen force constants 


transferred from benzene. The results of a zero-order calculation are compared with those 


obtained from an unmodified UBFF and these are, in turn, compared with the assignments 
proposed by ScuLiy and WurtrreEn [2] and FREEMAN and Ross [3]. 


Session L 


Some recent measurements of atomic lines in the 1-3 region: B. En en and I. Jonansson, 
Department of Physics, University of Lund, Lund, Sweden. 


The spectral region from the photographic limit at 1-2 «4 to about 3 ~, now accessible through 


the use of photoconductive cells, is of considerable importance for the elucidation of atomic 


spectra, especially those of neutral atoms, which often have some essential transitions in this 


region. This will be illustrated by results obtained in recent investigations of some elements in 


the first, second and third columns of the periodic system. Also, we shall briefly describe the 


method of measurement and the special precautions that have made it possible to attain a 
1 


wavenumber accuracy of 0-01 cm~' with a Pfund type grating spectrograph of one meter focal 


length and an uncooled lead-sulphide cell. 


Preliminary standards for use in interferometric determinations of wavelengths beyond 1 u: 


Curtis J. Humpureys, U.S. Naval Ordnance Laboratory, Corona, California. 


During the past six years [4] a considerable number of wavelength determinations have been 
made for the region between 1 and 2, in Ar I, Kr I, Hg! I, and Cd I by means of a 
radiometric scanning technique employing a rotating Fabry-Perot interferometer. Lightly 


coated aluminized plates have proved to be the most satisfactory choice for this application, 


but owing to a discontinuity in the reflectance properties of aluminum films near 8500 A, it has 


* Present address: Department of Chemistry, University of Minnesota. 


[1] S. Catirano and B. L. Crawrorp, Jr., Spectrochim. Acta 16, 889 (1960). 

D. B. and D. H. Warren, Spectrochim. Acta 16, 1409 (1961). 

{3| D. E. Freeman and I. G. Ross, Spectrochim. Acta 16, 1393 (1961). 

[4] Curtis J. Humpureys and Epwarp Pavt, Jr., J. Opt. Soc. Am. 45, 903 (1955); J. phys. radium 19, 
424 (1958); NOLC Report 464 (1959). 
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become important to select standards of greater wavelength than that number. The logical 
choices are: 4 10139 A of Hg" I, the three most intense Is—2p,, transitions in Ar I, namely 
4 9122, 9657 and 10470 A, and 4 10562 A of Ne I, which is 2p,-38,'. There are no available 
direct determinations of these wavelengths with an uncertainty less than 1 to 2 parts in 
10,000,000. All are subject to calculation on the basis of observations in the photographically 
accessible region by use of the combination principle. Recently completed observations in Ne I 
near 1 « are expected to lend support to the conclusion that the standards presently in use 
form a consistent system. This system will be discussed critically in the light of information 
available from the author's program and other current work [1]. 


The (*P,)nf configurations for neutral iodine: Lexxarr Minnnacex, Physics Laboratory, 
University of Lund, Lund, Sweden. 


The finding in the wavelength list for JJ given by Kress and Cor.iss [2] of 5d-nf combina- 


tions between levels with high J values has given the clue to the analysis of the (°7?) 5d and 
@P.nf configurations. Out of 30 possible nf levels with n 4, 5 and 6 only two seem to be 
uncertain The majority of the 7f levels have been identified, as well as four 8f levels, and the 
9f level with the highest J, 11/2. The coupling is next to Jel with pair splittings amounting to 


1 at most. Some irregularities are supposed to be connected with interactions with 


a few cm 
other odd parity configurations 

The calculation of the energy parameters on the basis of the J,/ coupling scheme [3-5] from 
some observed levels show that (,,,, describing the spin-orbit interaction of the outer electron, 
should be negligible and that the G* and G* integrals are mainly responsible for the pair split- 
tings Comparing the energies derived from the F* and @" parameters in the /J./ coupling 
scheme with those observed one finds differences which for most 4f levels are a few em™!: for 
three 4f levels, however, there are discrepancies of about 10 ¢m™!. There are still larger dis- 
erepancies for 5f, which seem to be caused by interactions with ('D,) 6p levels. (°7’,) 6f is much 


! and for 7f the agreement is still better. The 


more regular with a largest difference of 4 em 
calculation shows that all nf levels based on a and 'D, are above the *P, ionization limit; 
this is also true for all levels based on */’, except the (°7,) 4f pair which should fall closely below 
the said limit 


A Ritz formula applied to the (°P,)nf (5) series gives an accurate value of the */’, ioniza- 


11 
tion limit, viz. 84295-1 above the 2 ground level. 


The spectra of Mn Iand Mn II: M. A. Catratay, Garcia and L. Ieiestas, Institute 
of Optics, Madrid, Spain, W. F. Meccers, National Bureau of Standards, Washington, D.C. 
and R. Verasco, Institute of Optics, Madrid, Spain. 


New results in the analyses of Mn I and Mn IT will be presented. The results concerning 
Mn I are mainly from a revision of the are spectrum observed by Megyers and started by Catalan 
and Carcia Riquelme some vears ago 

Mn II has been revised by IGLestas with new observations of the “positive are” spectrum 
of manganese. The main result is to modify extensively the triplet and singlet systems of the 
spectrum, now in very good agreement with Racan’s theoretical calculations, and also with our 


interpretation of the Zeeman effect. 


Session M 


Absolute gas-phase Raman-intensity measurements: Davin M. Goipen, Frick Chemical Labora- 
tory, Princeton University, Princeton, New Jersey and Bryce Crawrorp, Jr., Molecular 
Spectroscopy Laboratory, School of Chemistry, University of Minnesota, Minneapolis 14, 
Minnesota. 


The measurement of absolute Raman intensities is easier in the gas phase than in the liquid 


G. F. Herzperc, Report of Commission 14 (1960). In press. 
C. Kress and C. H. Cortiss, BS J. Research 63 A, 1 (1959). 
N. H. MOuier, Arkiv Fysik 18, 135 (1960 
MINNHAGEN, Arkiv. Fysik 18, 97 (1960). 
. MInnNHAGEN, J. Opt. Soc. Am. §1, 298 (1961). 


L116 


V¢ 


17 
196] 


3 
4 


Symposium on molecular structure and spectroscopy 


phase, but difficulties must still be overcome. An approach related to the pioneer work of 
YosxHrno and BERNSTEIN [1] but involving some differences in consideration and in procedures 
will be presented and discussed. 


The effect of pressure on the infrared spectrum of benzene in solution:* Wuici1am G. Maiscn, 
Homer W. Scuamp, Jr. and Venvcorpat Kesavutv, Institute for Molecular Physics, 
University of Maryland, College Park, Maryland. 


The infrared spectrum of benzene has been studied as a function of pressure up to 10,000 
atm. Frequently shifts and intensity changes have been observed for many bands in the 
1 


region above 2000 em These changes in intensity may be compared with the effect of certain 


solvents on the intensities of some fundamental bands at lower frequencies [2]. 


Experiments on the applicability of the Beer Lambert absorption law to the spectra of hot CO, 
and H,O:+ H. J. Basrov and P. M. Henry, The Warner & Swasey Co., Control Inst. Div., 
Flushing 54, New York. 


Although it has long been recognized that experimental measurements of the absorption 
spectra of gases at room temperature depart substantially from the exponential (or Beer 
Lambert) law of absorption [3], recent experiments on CO,, H,O and mixtures of CO, and H,O 


heated in an electric oven [4, 5], and on CO,—N, mixtures heated by a shockwave [6] have 


indicated that the exponential law does apply to the spectral absorption of hot gases. However. 


a large discrepancy between the absorption coefficient at 4-4 ~ calculated from the shock tube 
measurements and the coefficient calculated from the data on CO, heated in the oven has led 
to a renewed interest in the problem of the absorption law for heated gases. The results of a 
series of measurements on the absorption of pure CO, and of CO, mixed with N, and He will 
be presented. Granting that a complete understanding of the experimental results may not be 
at hand, it is clear that the usefulness of absorption coefficients from such measurements is 
severely circumscribed (even when a plot of the negative logarithm of the transmittance-vs.- 
optical depth is linear). In particular, it is risky to use measured absorption coefficients for 
extrapolation to lesser or greater optical depths than those used for the determination of the 
absorption coefficients. 


A study of the total absorption near 4.7 » by two gas samples of CO, as their total pressures and 
CO concentrations were independently varied:= 1). A. Gryvnak, J. H. Suaw, Laboratory of 
Molecular Spectroscopy and Infrared Studies, Department of Physics and Astronomy, The 
Ohio State University, Columbus, Ohio. 


Spectra of the 4-7 ~ band of CO were obtained after the radiation had passed through two 
cells containing mixtures of CO and N >. The total pressure and CO concentration of the first 
cell were adjusted so that the absorption by it lay in “‘the square root region” and the total 
pressure and CO concentration in the second cell varied over a wide range. 


It was found that the total absorption of both cells can be expressed in the form 
fA(v) dy 89 wy ( *p* 


* Aided by National Science Foundation Grant No. G7335. 

+ This research was supported by the U.S. Air Force through the Geophysics Research Directorate, 
Bedford, Mass. 

* This work was supported in part by Geophysics Research Directorate, Air Force Cambridgé 
Research Laboratories, Office of Aerospace Research, Cambridge, Massachusetts, through a contract 
with the Ohio State University Research Foundation. 

{1} T. Yosurno and H. J. Bernstrern, J. Mol. Spectroscopy 2, 213 (1958). 

E. Ferevson, J. Chem. Phys. 26, 1265 (1957). 

(3) K. Anestrom, Phys. Rev. 1, 597 (1892). 

[4] R. H. Towrry, J. Opt. Soc. Am. 51, 175 (1961). 

15) R. H. Towrsry, J. Opt. Soc. Am. In press. 

M. Sremvperc, J. Chem. Phys. In press. 
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where 


absorber concentration in cell 1 


P,, = equivalent pressure in cell | 


We absorber concentration in cell 2 


ro equivalent pressure in cell 2 


prov ided 


2 fA(v) dy 70 em! 


and 
0-7 wy ( P,y* 350 


w in atm cm 


P, in mm Hg 


Absolute infrared intensities of the borohydride ion in solid solutions:* D. L. Suutit and 


P. N. Scuatz, Department of Chemistry, University of Virginia, Charlottesville, Virginia. 


Absolute intensities of the fundamental vibrations of the BH,-ion have been measured for 
dilute solid solutions in KCI, NaCl, KBr and CsCl pellets. After correcting for both the Lorentz 
field and the reaction field produced by the vibration itself [1], the following approximate values 
of the bond moment (a) and its derivative @u/ ér are preferred 


Ou 
pe = 0-8d,— = 1-5d/A 
or 


A study of the frequencies in the various solvents indicates that short range forces may be 
the most important factor in determining frequency shifts contrary to the conclusion of 


KETELAAR and VAN DER ELSKEN [2]. 
The present results will be compared with similar work on other molecules. 


Calculations of the transition moments and the oscillator strengths of the absorption spectra of 
some polymethine dyes in the free electron model: %. (:. ELKomoss,t Laboratoire de Spectro- 
scopie et d'Optique du Corps Solide, Institut de Physique, Strasbourg, France. 


In the free electron model taking into account the branching of the chain and with M-l 
electrons the transition moments and the oscillator strengths “‘fy,"’ for the absorption spectra of 
some remarkable polymethine dyes I and IT are calculated. Measurements of the relative 


photodichroism || for the first absorption band of dye I are carried out. The intensities “‘Sexp” 
of the absorption bands and the corresponding oscillator strengths “‘f,,"’ for dyes I and II are 


compared. 


Solvent effects on infrared band intensities: ©. L. Ancett, Union Carbide Research Institute, 


Tarrytown, New York. 


The frequency and integrated intensity of the band due to the carbon—iodine stretching 
vibration of methyl iodide was measured in a variety of non-polar and polar solvents. Using 
BuCKINGHAM’s theory of solvent effects, an indication was obtained that the bond moment and 
its derivative were of the same sign. Significant deviations from theory for the intensities in 


aromatic hydrocarbon solvents suggested specific interaction between methyl iodide and 


aromatic solvent molecules. 


* Supported by a grant from the National Science Foundation. 
+ Present address: Hercules Powder Company, Wilmington, Delaware. 
~ Present address: Radiation Laboratory, University of Notre Dame, Notre Dame, Indiana. 


1| J. VAN DER ELsKEN. Dissertation, University of Amsterdam (1959). 
2) J. A. A. Kerecaar and J. vAN DER Evsken, J. Chem. Phys. 30, 336 (1959). 
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The importance of the vibrational overlap integral with respect to radiationless transitions in 
dense media: R. P. Froscu and G. Wrise Rosrnson, Division of Chemistry and Chemical 
Engineering, California Institute of Technology, Pasadena, California. 

Some recent experiments [1, 2] have shown that there is an increase in the measured phos- 
phorescence lifetimes of certain organic molecules when hydrogen is replaced by deuterium. In 
benzene [3] the increase is by a factor of 1-6 while for napthalene [1, 2] it is by a factor of 8. 
Absolute quantum yields [3] indicate the presence of a non-radiative 7, —- S, process. The 
present paper discusses the mechanism of this process. It is shown that the rate constant for 
the radiationless transition is 

4n* 


P (see 
eh 


where ¢ is the final state energy spacing. V is the matrix element for the electronic perturbation 
interaction and J is the vibrational overlap integral between initial and final states. No classical 
potential surface crossing is necessary for the radiationless process to occur. The longer lifetimes 
of benzene-d, and napthalene-d, compared with ordinary benzene and napthalene are explained 
in terms of the higher vibrational quantum number necessary to obtain near resonance between 


T, and S, states and the consequent smaller vibrational overlap integrals involved. Similarly, 


smaller energy gaps are expected to lead to shorter lifetimes (and lower radiative quantum 
yields) in aromatic compounds; this is observed in the series CgH¢, C),H, and C,,H,, (anthracene) 
whose lifetimes are 16 sec, 2-5 sec and <1 sec, respectively, and whose 7'—S, spacings are 
29,400 cm=!, 21,300 em- and 14,700 em. The theory is found to consistent with experi- 
mental lifetimes in all cases except those of coronene and triphenylene. 


A determination of the abundance of nitrous oxide, carbon monoxide, and methane in ground 
level air at Columbus, Ohio:* KR. L. Bowman and J. H. SuHaw, Laboratory of Molecular 
Spectroscopy and Infrared Studies, Department of Physics and Astronomy, The Ohio State 
University, Columbus, Ohio. 

The absorption by N,O, CO, and CH, in a 704 meter path of air at atmospheric pressure has 
been used to determine the abundance of these gases at ground level. The accuracy of the 
measurements was increased by passing the air sample through a column of activated alumina 


which is a selective absorber of CO,, and H,O. 


Session N 


Atoms and ions in stars: CHARLOTTE M. SirrerRty, National Bureau of Standards, Washington, 
D.C. 


Astronomical spectroscopy by interferometry: Marcet Microrrer, University of Liege, Liege, 
Belgium. 


Absorption laws for atmospheric gases: Darreti E. Burcu, Aeronutronic, Newport Beach, 
California. 


Session O 
Design and performance of a double beam far infrared spectrophotometer: ©. ©. Heims, R. E. 


Anacreon, A. J. Russo and E. H. Srecuer, Jr., Perkin-Elmer Corp., Norwalk, Connecticut. 


Concerning the use of far infrared spectrometers in obtaining molecular data, Lorp [4] has 


* This work was supported in part by Geophysics Research Directorate, Air Force Cambridge 
Research Laboratories, Office of Aerospace Research, Cambridge, Massachusetts, through a contract 
with The Ohio State University Research Foundation. 

(1) C. A. Hurcuison and B. W. Manevum, J. Chem. Phys. 32, 1261 (1960). 

(2| M. R. Wricut, R. P. Froscu and G. W. Rosrnson, J. Chem. Phys. 38, 934 (1960); also unpublished 
work. 

[3] E. H. Gumore, G. E. Grason and D. 8. McCiure, J. Chem. Phys. 20, 829 (1952); and correction 

to this paper, J. Chem. Phys. 23, 399 (1955). 

[4] R. C. Lorp, WADC Technical Report 59-498, February, 1960. 
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noted “The most serious difficulty remaining is the inaccuracy and inconvenience of spectro- 
photometry by the single-beam method.” This paper discusses an instrument designed to 
overcome this difficulty. 

The instrument is a double beam, ratio recording spectrophotometer which records spectra 
directly as per cent transmission vs. wavenumber on a linear wavenumber scale. Three gratings 
are used each in the first order to cover the region from 400 to 50 em~!. Unwanted grating orders 
are eliminated by erystal choppers and by other easily interchanged filtering optics. The 
problem of atmospheric absorption is solved by the combination of double beam operation and 
a mechanical design which permits effective purging. The instrument has a large sample area, 
a wide adjustment range for its operating variables and relatively great system flexibility. 

Spectra will be shown to illustrate performance obtained. 


The suppression of diffraction grating anomalies: K. J. Mevrzer and J. D. Ketter, Advanced 

Development Department, Bausch and Lomb Incorporated, Rochester 2, New York. 

It has been known for some time [1] that the intensity distribution observed in a continuous 
spectrum formed by a blazed diffraction grating may show marked deviation from that predicted 
by the classical equations. These deviations appear as sharp changes in the energy with the 
maximum change occurring at a wavelength predicted by RayLeteu [2]. These sharp changes 
can be undesirable in some applications, e.g. wavelength scanning, constant energy-output 
devices. The sharp peaks are also extremely polarized. The objective of this paper is to present 
experimental data which indicate a possible method of effectively reducing some anomalies. 
The method requires a modification of conventional techniques in coating a reflection diffraction 
grating. Energy curves of gratings, coated in the conventional manner and of gratings coated 
by a method designed to reduce the anomalous effects, show a considerable change in the appear- 
ance of the anomalous structure formed by the gratings. In some cases the modified coating 
method can almost completely eliminate the more pronounced anomaly structure. Data will 
also be shown for a transmission grating of coarse grooves which illustrates the difference in the 
appearance of the anomalies depending on whether they are observed in a spectrum formed by 
transmission through the grating, or by reflexion from the grating. 


Efficiencies for infrared gratings: H.W. Marsuacyi, The Perkin-Elmer Corporation, Norwalk, 


Connecticut. 


The increased use of gratings in infrared spectrophotometers has made it desirable to 
evaluate some of the propert ies of gratings. This paper describes the techniques and equipment 
used to measure the efficiencies of gratings (1-15 ~) relative to vacuum deposited aluminum. 
During standardization, it is possible to obtain a correction factor to yield absolute efficiency 
measurements. Some typical efficiencies of gratings will be shown as a function of frequency, 
polarization, blaze angle, grating angle and order used. From these data, one can determine the 


useful range over which a grating may be used for a given order. 


Correction of absorption bands for effect of finite spectral slit width: J. ©. Decius* and A. L. 


Kurpir, Department of Chemistry, Oregon State University, Corvallis, Oregon. 


We consider an absorption band, not necessarily of Lorentzian shape, scanned over a finite 
region by a spectrometer whose slit width does not exceed the band width by a factor of more 
than a few-fold. The integral transformation which converts the true intensities incident upon 
the spectrometer, ¢ (v), into the apparent intensities transmitted by the spectrometer, t (v’), is 
given a discrete, approximate representation by the vector equation ¢ Si, in which the 
components of j and t are the values of the intensity functions at discrete equally spaced values 
along the frequency axis. If §, the spectrometer matrix, is subjected to a physically reasonable 
limitation which renders it cyclic, it can be inverted exactly for a wide class of slit shapes, e.g. 
triangular, gaussian, trapezoidal. Thus in principle the true spectrum can be calculated in 


* Alfred P. Sloan Research Fellow. 


1} R. W. Woon, Proc. Phys. Soc. (London) 18, 396 (1902); Phil. Mag. (Sept. 1902). 
2| Lord Rayteiecn, Proc. Royal Soc. (London) A79, 399 (1907); Phil. Mag. 14, 60 (1907). 
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terms of the apparent spectrum by i = §~'t. In practice, however, t is not usually known with 
sufficient precision, since §~! magnifies the error typically by two orders of magnitude. Instead 
of the exact inversion, an approximate, iterative procedure is employed, which will give i to 
1 per cent precision for a satisfactorily wide range of conditions. Examples will be presented, 
both for a Lorentz true band shape and for certain experimentally observed bands, for s/Ay, as 
large as 3(s spectral slit width, Av, true band width at j maximum absorbance). The 
iterative calculations are easily programmed for an automatic digital computer. 


Precision infrared wavelength measurements:* J. K. McCussry, Jr., R. P. Grosso and J. D. 
ManGus, Physics Department, The Pennsylvania State University, University Park, 
Pennsylvania. 

The authors have constructed an infrared grating spectrometer capable of a spectral resolu- 
tion exceeding 1/10 em™! in the 10 ” region. The resolution and signal-to-noise ratio make it 
possible to locate the centers of unblended lines to within several thousandths of a wave number. 
A two detector calibration procedure has been developed for use with very slow scanning rates. 
The unknown spectrum and the standard absorption lines are observed simultaneously in 
different echelle orders. Order sorting is accomplished by means of a prism system after the 
exit slit. Eighth, ninth and tenth orders of the fundamental CO band have so far provided 
standards for all spectra measured. Optical and mechanical methods will be described and 
limitations to the method will be discussed. 


The calibration of infrared spectrometers using solid solution spectra: H.W. Morcan and P. A. 

STAATS, Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee. 

A convenient reference spectrum for wavelength calibration would be provided by a solid, 
easily obtained and stable indefinitely, exhibiting a series of sharp, symmetric absorption bands 
closely spaced throughout the infrared region, and providing accuracy of a few tenths wave- 
number. The characteristics of solid solution spectra from alkali halide crystals indicate that 
these solutions may provide such a reference spectrum. A preliminary report will be given on 
attempts to provide a series of calibration bands. Sixteen sharp absorptions from ions in solid 
solution in KBr have been chosen to provide calibration peaks spaced through the region 
2200-700 em, with but one space between bands exceeding 150 em™!. This spectrum is 
obtained by the addition of six compounds to the molten alkali halide, with subsequent cooling 
to obtain a solid solution, used either as single crystals or as disks pressed by the usual KBr 
technique. The frequencies and band widths in this spectrum, and the chemistry of the solid 


solution will be discussed. 


The infrared spectra of polybutadienes: Joun L. Bixper, Chemical and Physical Research 
Laboratories, The Firestone Tire and Rubber Company, Akron, Ohio. 
The origins of certain bands in the spectra of various types of polybutadienes are discussed. 
It is shown that the spectra of cis-1,4 polybutadienes (of present day terminology) contain 
many additional bands and some possible sources of these bands are discussed. The band 
assignments made are supported by polarization spectra, spectra of hydrogenated polybutadienes, 
of maleic anhydride adducts and of polypiperylene. 


Infrared evidence for a large isotope effect on the potential energy curve of the hydrogen bond in 


HCrO,: R.G. Sxyyper and J. A. [pers, Shell Development Company, Emeryville, California. 


From X-ray diffraction studies HCrO, is reported [1] to belong to the trigonal system and 


to have one molecule per unit cell with a hydrogen bond of length 2-54 A. Its infrared spectrum 


is consistent with the proposed structure and with the short hydrogen bond. However, the 

spectrum of DCrO, does not correspond to an HCrO, spectrum which has been modified simply 

by a mass change. We find: (1) the ratio of the stretching frequencies rpy/rop is near unity 
* The research was sponsored by the Geophysics Research Directorate, Air Force Cambridge Research 

Center, Bedford, Massachusetts. 

[1] R. M. Dovetass, Acta Cryst. 10, 423 (1957). 
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(theoretical 1-38); (2) the ratio of the bending frequencies vy—oyo/r<opo exceeds considerably 
the theoretical value (observed 1-47; theoretical 1-39); (3) the O—H stretching band is a singlet 
but the O——D stretching band is a doublet; (4) in the lattice mode region (700-300 cm!) there 
are two bands for HCrO, but there are five for DCrO,. 

The above findings become explicable if we assume that the potential energy curve for the 
hydrogen bond is altered in going from HCrO, to DCrO,. Specifically we require for HCrO, 
that the potential barrier separating the two minima be lower than the ground vibrational 
level of the proton; for DCrO, we require that the barrier be considerably higher than the ground 
level for the deuterium. Such a change in the height of the barrier is reasonable if the oxygens 
of the hydrogen bond are separated more in DCrO, than in HCrO,. We have measured the 
lattice constants of HCrO, and DCrO, and find significant differences, which if interpreted as 
arising solely from a change in the O—O distance, indicate a 0-04 expansion in that distance 
in going from HCrO, to DCrO,. This expansion appears sufficient to lead to a significantly 
weaker hvdrogen bond in DCrQ,. 


Hydrogen bonding in hydroxyl-substituted anthraquinones: M. ©. Cauirieip, A. A. Rapisarpa 
and R. P. Bauman, Polytechnic Institute of Brooklyn, Brooklyn 1, New York. 


The infrared spectra of several hydroxyl-substituted anthraquinones have been obtained 
under moderately high resolution between 4000 and 1500 em™! in the vapor state, in CCl, 
solution and on the sublimed solid. In addition to the very broad bands around 3100 em~! 
attributed to the strongly intramolecularly bonded hydroxy], sharp bands are observed at about 
3540 em™! in solution which are attributed to unbonded hydroxyl, indicating appreciable 
dissociation of the intramolecular bonds even at room temperature. Intermolecular bonds in 
the solid give rise to sharp bands near 3400 cm™'. Attention has been given to the band con- 
tours, positions, and approximate intensities. High resolution nuclear magnetic resonance 
spectra were obtained at several temperatures and in several solvents. Preliminary X-ray data 


have been obtained for one compound 


Aberrations of plane grating monochromators: A. %. Ficcer, Department of Physics, University 
of Pennsylvania, Philadelphia 4, Pennsylvania 

ions are being carried out for families of Littrow and Czerny—Turner systems using 

scribed at the March 1961 meeting of the Optical Society of America [1] The 

aberrations of the mirrors are found, and the effect of the distortion of the wave 

it is diffracted is included. The aperture stop is placed at the grating, and has a 

l0em. Various focal lengths (e.g. 0-5 m, 1m, 2 m) and slit lengths are used. Slits 

| horizontally or vertically relative to the grating, and may be curved both in and 


the focal planes 


A device for the practical application of attenuated total reflection to infrared analysis: Pav. A. 


Wiis, Jr., Connecticut Instrument Corporation, Wilton, Connecticut. 


ttenuated total reflection, whereby apparent absorption spectra can be 
s in optical contact with a totally reflecting surface, have been explained 
These principles have been applied in a simple device which fits into any 
nfrared spectrophotometer. Apparent absorption spectra have been obtained on 
rent matenals 
we of ATR «pectra is that the absorbance values are independent of sample 
thickness. It is anticipated that the method will have wise application in the infrared analysis 


of filme and « he r solid materials as well as in the determination of absolute absorptivity values 


1) A. 8. Poooer, J. Opt. Soe. Am. §1, 480 (1961 
2) Attenuated Total Reflection J. Fannenrort, Koninklijke/Shell Laboratorium, Amsterdam, 
presented at the Europe mn Molecular Spectroscopy Group Congress, Bologna, 1959 
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Session P 
The far infrared spectrum of H,O,:* R. H. Hunrt and C. W. Perers, Randall Laboratory, 


University of Michigan, Ann Arbor, Michigan. 


The absorption of H,O, between 15 and 150 em™ has been examined with a grating spectro- 
meter (0-3-0-5 em! resolution). The interpretation of most of the strong lines (a series of 
doublets) is consistent with that of Massey and Branco [1] for the microwave spectrum: that 
H,O, is a nearly symmetric top with the K levels split by the hindered rotation potential 
barrier. The observed doublets arise from the transitions AK land AJ = 0, and yield values 
of 9-19 em~ for (A—B), and 11-43 em™! for the average splitting of the K levels. 


v, and v, bands of the NT, molecule:} K. Naranarr Rao, W. W. Brim and J. M. Horrman, 
Laboratory of Molecular Spectroscopy and Infrared Studies, Department of Physics and 
Astronomy, The Ohio State University, Columbus, Ohio and LLEwEettyn H. Jones and 
Rosin 8. McDowE t, Los Alamos Scientific Laboratory, Los Alamos, New Mexico. 


The vy, and vy, bands of the NT, molecule§ located at 10 and 15 «4 have been recorded with 
a high resolution vacuum grating spectrometer. An analysis of these bands will be presented. 
The data will be compared with our previous work on the similar bands of the NHs, ND, and 
PH, molecules [2-4]. 


Vibration rotation bands of CH,F, CD,F and CH,CN: F. L. Yarcerr,*| Laboratory of Molecular 
Spectroscopy and Infrared Studies, Department of Physics and Astronomy, The Ohio State 
University, Columbus, Ohio. 

Several vibration rotation bands of the methyl] fluoride and methyl cyanide molecules were 
recorded with a high resolution vacuum grating spectrometer. A brief résumé of all these data 
will be presented with a view to bring out the many peculiarities observed during the analysis 
of all the experimental data. 


The infrared spectrum and structure of germyl cyanide:| TuHropore D. GoLprars, State 
University of New York, Long Island Center, Oyster Bay, New York. 


The infrared spectrum of germyl cyanide and its deuterated analogue has been studied in 
the 4000-650 cm region with both prism and grating resolution. A partial vibrational analysis 
will be presented including frequency assignments and structural data. A comparison of the 
spectrum and structure to those of methyl and silyl cyanide will be discussed with reference to 
similar comparisons that have been made for analogous derivatives of methane, silane and 
germane. 


New measurements on v, of CO,:** Wa. F. Hercer and A. H. Nrecsen, Department of Physics, 
University of Tennessee, Knoxville, Tennessee. 


The fundamental mode, v,, of CO, at 4-3 « has been re-examined under high dispersion in a 


* Supported by the Geophysics Res. Direct. of the Air Force Cambridge Res. Lab., A.F.R.D. 
+ NSF Fellow. 
+ Supported in part, by the Atomic Energy Commission through a contract with the Ohio State 
University Research Foundation as a joint project between the Laboratory of Molecular Spectroscopy 
and Infrared Studies of The Ohio State University Physics Department and the Los Alamos Scientific 
Laboratory, Los Alamos, New Mexico 
§ The authors wish to express their gratitude to Drs. ALrrep H. ZeTMan and ALAN E. Fiori for 
preparing the sample of NT, used in the present study 
Present address: National Bureau of Standards, Boulder, Colorado 
This research was supported by the Air Force Office of Scientific Research under grant number 
AF-AFOSR-461-11 
** Supported by the Air Force Cambridge Research Center. 
1] Massey and Branco, J. Chem. Phys. 22, 442 (1954). 
2) J. 8S. H. H. and K. Naranarti Rao, J. Mol. Spectroscopy 3, 496 (1959) 
3) W. W. Bam, Ph.D. Dissertation, The Ohio State University (1960); W. W. Brim, H. H. Nueisesx 
K. Narmanari Rao, The Ohio State University Molecular Spectroscopy Symposium (1960). 
| J. M. Horrman, H. H. Nrevsew and K. Naranari Rao, Z. Electrochem. 64, 606 (1960). 
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acuum grating spectrometer equipped with a Reeder thermocouple and a 7500 lines-per-inch 


Bausch and Lomb grating. The spectrometer tank was pumped down to a pressure of about 


ah anc ¢ OU, was admitted to a pressure of l mm The total optical path in the spect rome ter 

S5m. At this pressure and path length the C™ O, lines absorb about 40 per cent at 

Silt openings represent about Lines of C#O0,'*, and are 

easily seen and their frequencies are being determined in a vacuum by means of a comparison 

spectrum of neon lines from a hollow cathode discharge in higher orders of the grating. The 
molecular constants obtainable from this band will be redetermined. 


The rotational and vibrational constants of the HCl and DCI* molecules:* 1). H. Rawk, D. P. 
Eastman, B.S. Rao and T. A. Wieerns, Department of Physics, The Pennsylvania State 
University, University Park, Pennsvivania 


The > ae .4O and 5-0 bands of HCP? and the 1-0 and 2-0 bands of DCF have been 


gh precision A critical analysis has been made to determine the rotational 


measured with hi 

and vibrational constants of these molecules. It is necessary to use a polynomial in m of the 

sixth degree to satistactonily re present the fre quencies of the band lines in the case of the most 
precisely measured bands 

B, tor HCP? has been found to have a value of 10-440254 0-000010 em! B, for DCP® 

ito be 5392261 0-000010 When the obtained for DCE is combined with 

owave measurement of Cowan and Gorpy the value obtained for the velocity 

209, 793-1 0-65 km/sec 

The observed rotational and vibrational constants (¥,,) have been used to calculate the 

yotential constants of HCP? making use of DUuNHAM’'s theory of a rotating vibrator. It is shown 

s not a pure rotating vibrator since the observed and calculated values of Vos ~ D, 


n disagreement by about | part in 1000 which is approximately 10 times the experimental 


g use of the molecular constants for HCP? and DCP* and the accurately known atomic 

= deduced that the ground level B, is perturbed by the upper electronic levels by 1 
8000. The sign of the perturbation is to increase B, over its unperturbed value. The 
perturbation is such that it may be presurned the HCI molecule has a positive mag- 


net moment It was calculated My 0-2 and 0-1 nuclear magnetons respectively for 
and 


Highly precise wavelengths in the infrared II: HCN, N.O and CO:* 1). H. Rank, D. P. EastMan, 
B.S. Rao and T, A. Wieerxs, Department of Physics, The Pennsylvania State University, 
University Park, Pennsylvania 


discussion is given of the effect of mechanical errors in a grating drive on the accuracy with 
line frequencies can be measured. It is shown that it is highly improbable that a mechani- 
ice used to rotate a diffraction grating can be constructed with sufficient precision so 
¢ line frequency error will be determined by the optical information observable in the 
ar infrared spectrum 

Making use of the echelle spectrograph 67 lines of the 001-000 absorption band of HCN 
have been measured. Almost 400 lines from five N,O absorption bands arising from the ground 
state of the molecule have been measured. In addition 11 lines from the 1—0 fundamental band 
of CO have been measured in order to determine v, for this band. In all cases only band lines 

have been measured which appear to be free of blends 
The molecular constants of the above bands have been determined making use of the com- 
bination relationships applying least squares methods to the data. The line frequencies have 
then been calculated to four decimal places and presented in tables. The tables contain over 
600 line frequencies. We believe the calculated line frequencies (lines free of blends) have an 


* This research was assisted by support from the Office of Naval Research and the National Science 
Foundation 
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absolute accuracy of about 1 part in 5 10° and a relative accuracy referring to lines within a 


given band somewhat greater 


Infrared spectrum of acetylene:* I. A. Wiccins, Physics Department, The Pennsylvania State 
University, University Park, Pennsylvania and K. and Evcene D. Tipwetr, 
National Bureau of Standards, Washington, D.C 


The infrared absorption spectrum of C,H, has been studied in the region from 2500 to 4150 
em™~!, Nineteen bands were observed of which eleven were sufficiently intense and well resolved 
to permit rotational analysis. Five bands involving the ground vibrational state were analyzed 
giving the rotational constants B, 1-17654 0-00004 and Dy, 1-51 0-03 10-* em™! 


The /-doubling constants for the degenerate modes were determined to be qs 5°25, Ws 


4-6, 10-%em™~!. The rotational constants determined for the various observed states clearly 


show that additional data will be needed and due account taken of resonances to obtain a 
satisfactory set of rotational constants 
The use of difference bands involving the Ws 1 level permits the determination of the 


vibrational frequency of that level to be 612-88 em7! 


The Vs Raman band of methane: J. Herranz and B. P. Srorcuerr, Division of Pure Physics, 

National Research Council, Sussex Drive, Ottawa, Canada 
The matrix elements of the polarizability tensor for the transitions involved in the triply 
degenerate vibrational bands of methane-type molecules have been calculated. It is found that 
the general Raman selection rules AJ 0. 1, 2 have the following symmetry restrictions: 
for AJ 2 only A... Ae, E, F > > 


for AJ only 1, > 


2 1 
The intensity patterns for the fine structures of the rotational lines have been computed 
corresponding lines in all 15 branches can be classified into four groups within which the intensity 
patterns differ only in magnitude. The calculated spectrum is in agreement with the structure 
observed in the vy, Raman band of CH, photographed at high resolution and has made possible 


the analysis of this complex band 


Raman spectral studies of aqueous solution of selenious acid: ‘:. ). Watrarey, Bell Telephone 
Laboratories, Inc., Murray Hill, New Jersey. 


Raman spectra of aqueous solutions of selenious acid, and of strongly alkaline and partially 
neutralized aqueous mixtures of sodium hydroxide and selenious acid, have yielded the principal 
lines of the species H,SeO,, SeO,” and HSeO, , respectively. In aqueous solutions of selenious 
acid, the intensities of two strong characteristic lines of H,SeO, were found to be linear functions 
of the stoichiometric concentration. This fact indicates completeness in the reaction of seO, 
with water, and negligible dissociation of H,SeO, into its ions, in the range of compositions 
studied. Some provisional vibrational assignments of Raman lines of SeO,*~, and of HSeO, 
and H,SeQO, have been made, and those species have been considered in terms of the symmetry 
groups and C 


Session Q 


Rotational vibrational interaction constants for silanes and germanes:* (:. THYAGARAJAN, 
Department of Physics, Illinois Institute of Technology, Chicago 16, Illinois. 


A unique determination of the potential energy constants for silane (SiH,) and german 
(GeH,) has been made using the vibrational wavenumbers and the Coriolis coupling constants 
As a check on these constants, the wavenumbers and the Coriolis coupling constants have been 
evaluated for SiD, and GeD,. The rotational distortion constants for the four molecules have 
been obtained using the expressions derived by Herranz [1]. Further, the same potential 


* Supported by U.S. Atomic Energy Commission. 
+ Aided by a grant from the National Science Foundation. 


1| J. Herranz, J. Mol. Spectroscopy 6, 343 (1961). 
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energy constants have been transferred to the partially deuteriated and tritiated molecules of 
the axially symmetric ZX,Y type and the rotational distortion constants for these have been 
evaluated by the procedure of Dow Linc et al. [1] which is based on the method of KtvELson 
and Wrison [2]. The combined results of the present and previous investigations indicate that 


for all the axially symmetric ZX,Y molecules, with the sole exception of CCl,H, the constant 


D,, is positive when my my and negative when my, my (my and my are the masses of the 


atoms X and Y, respectively ). 


High J low K approximation procedures in asymmetric rotor theory:* Mowin K. Gora, Physics 
Department, Providence College, Providence, Rhode Island. 


Recent experimental investigations of the far infrared rotational spectra of ozone and sulfur 
dioxide [3, 4] suggested a theoretical study of these spectra. This study revealed the appearance 
of groups of high J—low K lines, either of the type Ry (J9), Rp Rg Rp (J—-3),) 

or Rp (J,), Re 
intervals. The width of these intervals decreases, in general, with increasing J. In the SO, 


Rp ((J—2)g)., Ry [(J—3)g].... within surprisingly narrow frequency 


spectrum, for instance, the number of lines of such multiplets within frequency intervals of 
width 0-1 em! is two for J 32, three for J 45, four for J 58, etc. Some of the peaks in 
(-EBBIE 8 absorpt ion curves appear to be due to such multiplets, 

The formation of such multiplets was not expected. An attempt to understand the reason 
for their occurrence led to the development of algebraic approximation procedures for the 
evaluation of high J-low K lines. Some of the formulas thus obtained are surprisingly simple, 
and might prove useful in the interpretation of experimental results. Sets of such formulas for 
high J-—low A rigid rotor energy levels, centrifugal distortion corrections, and line strengths are 
in preparation 


The rotation-vibration energy levels of a diatomic molecule:* (nances L. Becker, Department 
of Physics, Georgetown University, Washington, D.C. 


It appears that Dunham's theoretical work on the energy levels of a rotating vibrator [5] 
is in error in the second order when applied to diatomic molecules. The reason for this is that 
DUNHAM treated the one-dimensional problem whereas molecules undergo radial motion. The 
two cases require use of different effective potentials in the WBK integrals. A description will 
be given of the adjustment of DUNHAM’s work to handle the radial problem. This adjustment 
alters the spectroscopic coefficients by new terms of the same magnitude as the second-order 
corrections listed by DuNHAM. One new result is that a radial harmonic oscillator has vibrational 


levels which are not quite equidistant and a minimum not exactly at v 1. The new terms 


increase the zero point energy of H, by l5em”!. The significance of this with regard to recent 
experimental and theoretical determinations of the H, dissociation energy will be discussed. 


Other numerical examples of the new corrections will be presented. 


Rotational energy levels of a linear triatomic molecule in a “II electronic state: |. IT. Hovcen, 
Division of Pure Physics, National Research Council, Sussex Drive. Ottawa. Canada. 


The interaction between electronic and vibrational motion in linear triatomic molecules in 
degenerate electronic states, known as the Renner effect, leads to an effective coupling between 
the angular momentum associated with the bending vibration and that associated with the 
electronic motions. A consideration of the effects of a small Renner interaction, together with 


the effects of a small spin-orbit interaction, shows that the rotational energy levels of linear 


* Supported by the Geophysics Research Directorate, Air Force Cambridge Research Laboratories. 
+ Supported by the United States Air Force Office of Scientific Research. 

J. M. Dowiine, R. Goip and A. G. Metster, J. Mol. Spectroscopy 1, 265 (1957) 

D. Kiverson and E. B. Wiison, Jr., J. Chem. Phys. 20, 1575 (1925): 21, 1229 (1953) 

\. Danti and R. ¢ Lorp, J. Chem Phys. 30, 1310 (1959), 

H. A. Gessie. Unpublished data. 

J. L. Dunnam, Phys. Rev. 4, 72 1932 
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triatomic molecules are not entirely analogous to those of diatomic molecules. Detailed ex- 
pressions for the form of the rotational energies have been obtained. The general results will 
be presented. 


Overtones of the infrared active fundamentals of tetrahedral XY, molecules (2v, and 2v, of CH,. 
2v, of CD,): KENNETH Fox* and Karu T. Hecut, The Harrison M. Randall Laboratory of 
Physics, The University of Michigan, Ann Arbor, Michigan. 

The spherical tensor formalism [1] is applied to rotation—vibration interactions in the first 
overtones of the infrared active fundamentals of tetrahedral XY, molecules. Theory predicts 
five P,Q and FR branches of comparable intensity provided that the separation of the EF and 
F’, vibrational components of the / 2 vibrational state is small compared with the splittings 


which arise from the 2B{ (2-1) term. 2v, [2] of CH, falls into this category. If, however, the 
separation between the EF and F, vibrational components is very large, theory predicts an 
overtone spectrum with a single strong ?, Q and R& branch structure. In that case transitions 
to the levels associated with the FE vibrational substate are extremely weak, and the P, Q and 
F lines associated with the F, vibrational substate are similar to those of the fundamentals. 
2v, of both CH, [3] and CD, [4] fall into this second category, although the splitting of lines 
belonging to the same J value is much larger in CD,. Several molecular constants for CH, 
and CD, have been determined from a detailed quantitative analysis of these bands. 


Vibrations of larger molecules with symmetry. Theory and its application to the methy] derivatives 
of tin tetrachloride: W. F. Evceiy, P. W. Moore and C. H. Warp, Department of Chemistry, 
Purdue University, Lafayette, Indiana. 

The salient features of the vibration of larger molecules is localization. One of the con- 
sequences is the fact that it is possible to write the effective potential energy for modes localized 


ina group as 


The effective selection rules, degeneracy of the frequencies, etc., depend upon the relative 
magnitudes of these terms. This point of view is applied to the Raman and infrared (prism 
and small grating) spectra of the methyl derivatives of tin tetrachloride. Some intensity as 
well as frequency measurements have been made. The localized mode method was used to 
make normal co-ordinate calculations. 


Concerning the construction of symmetry adapted functions: \\V. ©. Nimeuwroorr, Department 
of Chemistry, Purdue University, Lafayette, Indiana. 


As MELVIN [5] in particular has shown, for point symmetry groups the projection operator 
technique provides a powerful tool to obtain symmetry adapted functions or co-ordinates, e.g. 
in molecular electronic or vibrational problems. In constructing the projection operators 
involved, which is in principle a straightforward matter, two problems generally arise. The 
first one concerns the essential non-uniqueness of degenerate representations and the other the 
possible simplification of the operator. Although both questions are closely related, it is often 
of physical significance to put the emphasis not on the simplification in the first place but 
rather on the specification of the degenerate representations. This can be done by selecting 
some subgroup (of the original group) of symmetry low enough to lift the degeneracies partly 
or completely and adapting the projection operators to this choice. 


* National Science Foundation Predoctoral Fellow. 


2) E. K. Pryier, E. D. Tipwett and L. R. Biaryxe, J. Research Nat. Bur. Standards 64A, 201 (1960). 
[3] D. H. Rank, D. P. Eastman, G. Skorrnko and T. A. Wicerns, J. Mol. Spectroscopy 1, 78 (1960). 
[4] E. D. Paurk, R. E. Merepirs and C. W. Perers. Private communication. 

51 M. A. Meyrin, Revs. Modern Phys. 28, 18 (1956). 
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Normal co-ordinate treatments on the oxalato and dithiooxalato metal chelate compounds: 
J. Fusrra, A. E. Martrecr and K. Nakamoro, Jeppson Laboratory of Chemistry, Clark 
University, Worcester, Massachusetts 
In order to assign the metal—ligand stretching vibration in the metal chelate compounds of 

oxalato ion (ox), a normal! co-ordinate treatment has been made on the | : 2 complex model for 

K*[Pt(ox),| and on the 1:3 complex model for K,[Cr(ox),]3H,O, so as to take into account all 

of the interactions between the ligands. Similar calculations on the metal chelate compounds 

of dithiooxalato ion will also be reported. The relationships between the stretching force 
constants and the structures of these chelate rings will be discussed. 


Torsional frequencies in the far infrared: Farecey and For. A. Mellon Institute, 
Pittsburgh 13, Pennsylvania. 
Transitions between torsional levels have been observed in the infrared for numerous com 


pounds. From these the potential barriers have been calculated. Some of the results are: 


, Potential barrier 
ompound em (gas) 
(cal/mole) 


CH,CHO 150 (0 1180 
262 (0 2. 1186 
276 (0 2E 1179 


CH,CH,C! 245 3580 
CH,CHF, 222 3210 
HCOOCH, 130 1165 


Data will also be given for (CHg),0, (CH,).CO, (CH,).NH, and (CHy)gN. 


Discussion on the rotation-vibration Hamiltonian of linear polyatomic molecules: (‘icsnn: 

Amat, Faculté des Sciences de Paris, France. 

\ large number of computations have been performed on energy levels and intensities in 
the rotation vibration spectrum of linear polyatomic molecules, using a method suggested by 
NIELSEN and consisting in the following scheme: 

a) To take the general formulation derived for non-linear polyatomic molecules from the 
Darling Dennison Hamiltonian 

b) Then to particularize to linear molecules by writing the Sayvetz condition P, vs 

Other authors however have questioned the validity of this procedure and have insisted on 
the need to use special methods for linear molecules, based on an Hamiltonian where rotational 
and vibrational operators do not commute 

This point will be discussed and it will be established that NreLsen’s method is perfectly 
alid whilk me of the alternative methods which have been used are not correct 


Session R 


Diffraction anomalies in grating spectrophotometers: Kk. Srewarr and 
(;ALLAWAY, Beckman Instruments, Inc., Fullerton, California. 


Dynamic accuracy—A fourth specification of the infrared spectrum: Zanpr 


and Herre Kesster, Perkin-Elmer Corp., Norwalk, Connecticut 


Session S 


Ss. 


Far infrared spectra of ethyl fluoride: (:Loria Sacre and WituiAM KLeMprerer, Department of 


Chemistry, Harvard University, Cambridge 38, Massachusetts. 

A vacuum spectrometer with an Ebert mounting has been constructed. The spectra of ethy!] 
fluoride, 1,1-difluoro- 1-chloroethane and n-propyl! fluoride have been measured from 400 
to 70em™!. In ethyl fluoride the fundamental torsional vibration and two hot bands have been 
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measured [1]. The transitions have sharp Q@ branches and permit determination of both barrier 
height and shape. In general, the fundamental torsional oscillation is overlapped by hot bands 


and, unless sharp, intense Q branches exist, the analysis of the spectrum is complex. 


Infrared studies of association in carboxylic acids: F. E. Murray and 8. Scunparam, British 
Columbia Research Council, Vancouver 8, B.C., Canada. 


Infrared spectra of benzoic, o-chlorobenzoic and salicyclic acids in the range 700-3800 em! 


have been studied. Measurements have been made on the three acids in carbon tetrachloride 


and benzene solutions, at a number of concentrations in each case. The results are interpreted 


in terms of the molecular species present in each solution and the effect of the solvents on these 


species. Assignments have been made of the observed bands to the various vibrational modes 
characteristic of the COOH group. 


Vibrational spectrum of dinitrogen pentaoxide:* I. ©. Hisarsune, Department of Chemistry, 
Pennsylvania State University, University Park, Pennsylvania and J. P. Devurw~ and 
Yasuo Wapa, Department of Chemistry, Kansas State University, Manhattan, Kansas. 


The infrared spectrum in the 2-35 « region has been obtained for dinitrogen pentoxide. 


The infrared data and the available Raman data are consistent with the ( ),.N—O—NO,g structure 


for the molecule, although the relative orientation of the two nitro groups is not certain. Spectral 
data and entropy calculations indicate that the frequency of the N--O——N angle deformation 


mode will probably be less than 200 em~!. Comparison of the vapor spectrum to the solid 


spectrum and the temperature dependence of the solid spectrum suggest that in the vapor 


phase there is little potential barrier against internal rotations of the nitro groups. An approxi- 


mate normal co-ordinate analysis has also been made assuming several possible structures and 
using the Urey—Bradley type potential field. 


The infrared spectrum of CF,SF,:+ D. F. Eccrrs, Jr. and H. E. Wricur, Department of 


Chemistry, University of Washington, Seattle, Washington and D. W. Roprnson, Department 


of Chemistry, Johns Hopkins University, Baltimore 18, Maryland. 


The infrared spectrum of CF,SF, has been measured and analyzed between 30 and 4000 


em™~!. A band found at 218-5 em is believed responsible for satellite lines observed previously 


in the microwave spectrum; the barrier to internal rotation might then be much lower than 


obtained previously by assuming these satellites were due to torsional oscillation. Twelve of the 


seventeen fundamentals were assigned in the infrared spectrum, and estimates are given for the 


others. A plausible assignment is given for the overtone and combination bands also observed: 


this gives no evidence for any of the inactive fundamentals. 


The effect of solvent-solute interactions on the infrared carbonyl stretching vibration: R. FE. 
KaGarise and Kermit B. Wuetser, U.S. Naval Research Laboratory, Washington 25, D.C. 


The effect of solvent-solute interactions on the carbonyl stretching vibration of several 


ketones, amides and esters has been studied. The compounds examined include acetone, cyclo- 


hexanone, n-acetyl pyrrolidine, ethyl acetate, ethyl trichloroacetate and ethyl trifluoroacetate. 


Changes in the frequency and shape of the carbonyl band were produced by varying the composi- 


tion of two-component solvent systems and/or by varying the temperature of the solutions. 


The results clearly suggest that the observed variations in frequency and intensity are due to 


specific interactions between solvent and solute rather than to bulk dielectric effects. Moreover. 


these interactions can result in the formation of a number of solvent—solute complexes which 


are in equilibrium with each other. 


* Supported by Public Health Service and Air Foree Geophysics Research Directorate. 

+ Supported in part by the National Science Foundation and by the U.S. Air Force through the 
Air Force Office of Scientific Research of the Air Research and Development Command, under contract 
No. AF18(600)-1522 at Washington, and under contract No. AF49(638)—468 at Johns Hopkins. 

[1] E. Care and K. 8. Pirzer, J. Phys. Chem. 62, 873 (1958). 
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An infrared study of the complexing of ketones with chloroform and p-cresol: Kermir B. 
Wuerse. and R. E. KaGarise, U.S. Naval Research Laboratory, Washington 25, D.C. 


The carbony! bands of acetone and cyclohexanone were studied in chloroform—cyclohexane 
and p-cresol-cyclohexane solvent in mixtures covering a broad range of composition. The 
results indicate that both chloroform and p-cresol form at least two distinct molecular complexes 
with each of the ketones. Equilibrium constants for the formation of the 1:1 complexes were 
obtained and used to calculate the spectra which would be observed if there were no interference 
from higher complexes. The results emphasize the difficulties and pitfalls involved in the inter- 
pretation of solvent-induced frequency shifts observed with single-component solvent systems. 


The infrared spectra of polyisoprenes: Joun L. Binper, Chemical and Physical Research 

Laboratories, The Firestone Tire and Rubber Company, Akron, Ohio. 

As a result of determining the microstructures of many synthetic polyisoprenes some 
conclusions have been reached about the origins of certain bands in the spectra of HEVEA and 
Batata. Some of these confirm previous assignments but some have not previously been 
assigned. Support for these is obtained from polarization spectra, spectra of hydrogenated 
polyisoprenes, spectra of maleic anhydride adducts and polydimethylbutadiene spectra. 


Infrared spectra of gaseous alkali metaborates:* AvLrrep BicuLer and Epwarp P. Marram, 
Arthur D. Little, Inc., Cambridge 40, Massachusetts. 
Initial results of a study of the infrared spectra of gaseous alkali metaborates are reported. 
Mass spectrometry shows the saturated vapors of these compounds to consist of monomer and 
dimer molecules and indicates for the latter the structure 


O—B=O M=—Li, Na, ...Ce 


The absorption spectrum of sodium metaborate vapor shows bands at 1930, 1450, 1235, 1060 
and 600 em~'. The 1930 em! band has been assigned as the B—O bond stretching frequency 
in both monomer and dimer. It is found essentially unshifted in the spectrum of cesium meta- 
borate vapor, but is shifted to 1965 cm™' in the spectrum of B"-enriched sodium metaborate 
vapor. The assignment of the lower-frequency bands will also be discussed. 


Polarized infrared spectra of azobenzene: L. W. Daascu, Naval Research Laboratory, Washing- 

ton, D.C. 

Polarized infrared spectra of solid azobenzene are presented for the frequency interval, 
670-5000 em™!. Data are given for oriented specimens in which the (001) and (010) planes are 
perpendicular to the incident energy. The observed directions of the transition moments for 
the class A, and &, vibrations of the phenyl! ring are 6-24 degrees removed from the directions 
predicted on the basis of isolated phenyl ring vibrations. Factor group analysis of the polariza- 
tion data was not as successful as was the group frequency analysis. 


The vibrational spectra and structure of 1,4-cyclohexadiene and of 1,4-cyclohexadiene-d, : 
R. C. Lorp, Spectroscopy Laboratory, Massachusetts Institute of Technology, Cambridge, 
Massachusetts and H. D. StipHam, Department of Chemistry, University of Massachusetts, 
Amherst, Massachusetts. 

The infrared and Raman spectra of 1,4-cyclohexadiene and of 1,4-cyclohexadiene-d, have 
been obtained. The Raman spectrum of 1,4-cyclohexadiene reported earlier by GerpING and 


* Supported by the United States Army Bureau of Research under the Advanced Research Projects 
Agency Program. 
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Haak [1] has been substantially confirmed. The infrared spectrum reported by these authors 
is not in good agreement with the results of the present research. 

It is concluded that 1,4-cyclohexadiene contains a center of symmetry, and that it therefore 
belongs to one of the point groups C,, or D,,. It is not possible rigorously to distinguish these 
possibilities with the available data. As the evidence seems to favor D,,, an assignment of the 
fundamental frequencies to the normal modes of vibration of the structure of D,, symmetry has 
been attempted. The assignment satisfies the Teller-Redlich product rule and is reasonably 
complete. 


Session T 


The double resonance spectra of and ammonium ion: D. 
Department of Chemistry, Harvard University, Cambridge 38, Massachusetts. 


The nuclear magnetic double resonance spectra of N™ and N!> ammonium ion have been 
obtained by observing the proton magnetic resonance while applying a strong radio frequency 
field near the nitrogen resonance frequency. The main features of the spectra are in agreement 
with spectra calculated using a Hamiltonian that is made stationary by transformation to a 
co-ordinate system rotating at the frequency of the strong r.f. field. In the rotating frame, 


where w, and H, refer to the frequency and amplitude of the strong radio frequency field. 
Transitions in addition to those predicted from equation (1) are observed in both the N™ and 
N!5 spectra. The dependence of these transition frequencies and intensities on @, and H, is 
discussed in terms of possible double quantum transitions, changes in symmetry of the ammon- 
ium ion, and relaxation effects. The complicating effects of sweeping magnetic field rather than 
frequency are shown to be useful in obtaining accurate values of nitrogen chemical shifts. 


Reproduction of the proton NMR spectra of some monosubstituted benzenes:* KR. 8S. Berry, 
R. Dent and W. R. Vaveuan, Department of Chemistry, University of Michigan, Ann 
Arbor, Michigan. 


The AB,C, proton NMR spectra of several monosubstituted benzenes have been fitted by 
the method of total spectral reproduction, in order to find the unobservable coupling constants. 
Values of the relative chemical shifts were obtained, in some cases from appropriately deuterated 
species, and the coupling constants were adjusted until a “‘best fit’? was observed with the 
experimental spectrum. The 60 Me NMR spectra of the following monosubstituted benzenes 
were fitted reasonably well, and their chemical shifts and coupling constants are judged to be 
accurate within +0-5 c.p.s.: iodobenzene, aniline, dimethyl! aniline, the triphenyl monopositive 
and mononegative ions, and triphenylaluminum. The spectra of bromobenzene and anisole 
could not be fitted unambiguously. 

The chemical shifts of the trityl ions are discussed in terms of ring currents and the charge 
density estimates of molecular orbital theory, and the couplings are again found for all species 
to be dominated by the sigma electrons. 


The optical maser as a Raman source: 8. P. 8. Porro and D. L. Woop, Bell Telephone Labs., 
Inc., Murray Hill, New Jersey. 


Experiments to study the ruby optical maser as a possible Raman source have been con- 


ducted. The equipment consisted of a high intensity ruby maser, a Raman cell coated with 


BaSO,, and a high speed grating spectrograph. The ruby crystal which was 6 mm in diameter 


contained 0-05°% Cr**, and was silver coated to give only 25 per cent reflexion at the exit end. 


The Raman cell had a small side entrance window for the parallel beam of light from the maser, 


* Sponsored in part by a grant from the Michigan Cancer Institute. 
+ Present address: Sterling Chemistry Laboratory, Yale University, New Haven, Connecticut. 


[1] H. Gerpine and F. A. Haak, Rec. Trav. Chim. 68, 293 (1949). 
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and an opening in the end of the cell permitted the scattered light to enter the spectrograph. 
The Raman spectrum of benzene was obtained with an effective exposure time of the order of 
several milliseconds 

The difficulties encountered which might limit the use of the maser as a Raman source are: 
(1) The strong temperature dependence of the maser frequency itself, and (2) The relatively 
high intensity of the fluorescence sidebands of the ruby in the wavelength region where the 
most important Raman lines occur. Various ways to overcome these difficulties will be discussed 


in an attempt to evaluate the feasibility of using the maser in Raman spectroscopy. 


Spin coupling constants for CC bonds: K. Fre: and H. J. Bernsrery, National Research Council, 


Ottawa, Canada. 


Molecules possessing various types of CC bonds have been enriched with C and spin coupling 
constants of C™ C® bonds have been obtained. Values for single bonds of the type sp®-sp’, 


ap sp", ap”-sp, and for the double and triple bonds have been derived. The relation of the 
magnitude of the spin coupling with percent s character is discussed. 


Solvent effects in proton magnetic resonance spectra: WW. T. Kaynes and H. J. Bernsrery, 
National Research Council, Ottawa, Canada. 


Recent studies have demonstrated the existence of four distinct effects which contribute to 
the displacement which the chemical shift of a solute undergoes when it is dissolved in a solvent: 
(a) bulk diamagnetic polarization (b) van der Waals interaction (c) “polar” interaction and 
(dl) neighbour-molecule magnetic anisotropy effects. 

For gases, accurate expressions may be derived for each of the above contributions which 
yield good agreement with experiment. For the liquid phase satisfactory quantitative agree- 
ment between theory and experiment may be obtained for the case of polar and non-polar 
solutes in non-polar isotropic or anisotropic solvents. However, for polar or non-polar solutes 


in polar solvents only qualitative agreement is possible. 


Microwave spectrum of methylphosphine:* Kosrma, Epwarp L. Breic and Cuun 
C. Lox, Department of Physics, University of Oklahoma, Norman, Oklahoma. 
Some eighty rotational lines of the methylphosphine molecule have been measured in the 


region of 12-33 kMe/s. The rotational constants and dipole moment have been determined. 


The barrier to internal rotation of the methyl group, as determined from the A—E splittings of 


rotational lines in the ground torsional state and from the satellite frequency pattern of the 

—> 1g, transition, is 685-2 

Infrared spectra of hexafluorides of the second transition group elements:+ Howanp H. CLaas- 
sEN, Chemistry Division, Argonne National Laboratory, Argonne, Illinois. 

The vibrational spectra of the hexafluorides of the third transition group elements, which 

contain from zero to four non-bonding 5d electrons, have been studied in recent years and found 


unusually interesting because of a dynamical Jahn-Teller effect that results in a broadening of 


certain infrared and Raman bands [ 1-3}. 


Several corresponding (4d) hexafluorides of the second transition group elements have 


recently been prepared in this laboratory. Infrared spectra of these molecules will be reported. 


Both infrared-active fundamentals have been observed for each of the molecules and most of 
the other fundamentals have been determined from combination bands. The broadening of 


certain combination bands that has been ascribed to a Jahn-Teller coupling in the 5d hexa- 
fluorides is even more pronounced in the corresponding 4d hexafluorides. 


* Supported jointly by the National Science Foundation and Office of Naval Research. 
+ Based on work performed under the auspices of the U.S. Atomic Energy Commission. 
H. H. CLaassen and B. Wetnstock, J. Chem. Phys. 33, 436 (1960). 

B. Werxstock, H. H. Claassen and J. G. Mato, J. Chem. Phys. 32, 181 (1960). 

M. 8S. Cutty, Mol. Phys. 3, 605 (1960). 
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Infrared spectra of the azide ion in alkali halide matrices:* James I. Bryant and Grorce C. 


TURRELL, Department of Chemistry, Howard University, Washington 1, D.C. 


The infrared spectra of the azide ion in KCl, KBr, KI and NaCl matrices have been observed 
from 4000 to 400 cm™ using Perkin-Elmer models 21 and 112 spectrometers with LiF, NaCl 
and KBr prisms. A comparison has been made of the spectra of samples grown from aqueous 
solution with those prepared by the pressed disk technique. Particular attention has been paid 
to the dependence of the vibrational frequencies on the nature of the matrix and on the 
temperature. 

The various contributions to the interionic potential function will be considered in relation 
to the observed frequency shifts. It is suggested that the study of vibrational frequency varia- 
tions of an “impurity” ion in a lattice provides a useful method of measuring interionic forces. 


Intramolecular charge transfer bands in tri-l-naphthylboron: M. Asurar Ex.-Bayounr, B. 
Ramsey and M. Kasna, Department of Chemistry, Florida State University, Tallahassee, 
Florida. 


The appearance of intense absorption bands in molecular complexes formed of an electron 
donor molecule and an electron acceptor molecule is well known [1]. Such absorption bands 
have been interpreted by MULLIKEN [1] as being due to inter-molecular charg -transfer transitions. 
Similar bands are expected to occur in molecules where an electron acceptor group and an 
electron donor group are parts of the same molecule. By analogy, transitions which give rise to 
such bands are called intramolecular charge-transfer transitions. Several transitions of this type 
have been reported to occur in a variety of molecules [2-4]. 

Tri-l-naphthylboron provides an interesting example where an intramolecular charge- 
transfer transition is expected to occur. Here the boron atom acts as the electron acceptor 
group and the naphthalene acts as the electron donor group. The room temperature absorption 
spectrum of tri-l-naphthylboron in methyleyclohexane shows an intense absorption band with 
a maximum absorption of 3525 A (e,,,. 1-92 « 104). The rest of the spectrum closely resembles 
that of naphthalene except that the 'L, state of naphthalene appears at shorter wavelengths. 

The absorption at 3525 A is interpreted as an intramolecular charge transfer transition and 
results from the interaction of the highest filled orbital of naphthalene ®, with the lowest vacant 
orbital of trimethylboron ®,. The energy of the transition may be calculated using the formula: 


AE = {(Ey — E,)* + 


where Ey and Ey correspond to the energies of ®y and ®, respectively; Cy and Cy, are the 
coefficients of the appropriate atomic orbitals in My and ®, respectively, and f is the resonance 
integral between their atomic orbitals. The blue shift of the 'Z, transition of naphthalene can 
be explained as resulting mainly from the interaction of the charge transfer state with the !L, 
state. Electronic spectra of other aryl boron compounds will be discussed, together with 
experimental evidence for the above interpretations. 


NMR spectra and aromatic ring currents in conjugated hydrocarbons:+ 8. P. Darmey, NevitLe 
JONATHAN and SrpNeEY Gorpon, Columbia University, New York 27, New York. 


The 60 Mc high resolution NMR spectra of naphthalene, anthracene, pyrene, perylene and 
triphenylene have been observed and chemical shifts calculated for infinitely dilute solutions. 
The spectra have been completely analyzed for the first time. In addition, partial information 
has been obtained for phenanthrene. These chemical shifts permit a more rigorous test of 
PoPLE’s theory of aromatic ring currents. The calculated chemical shifts make use of ring 


* This work was supported by the Basic Research Group, U.S. Army Engineer Research and 
Development Laboratories, Fort Belvoir, Virginia, under Contract No. DA—44-009 ENG—4532. 


+ Supported in part by the National Science Foundation and the Sloan Foundation. 
1] R. 8S. Muuurken, J. Am. Chem. Soc. 72, 600 (1950); 74, 811 (1952). 
2) 8S. Nacakura and J. TANAKA, J. Chem. Phys. 22, 236 (1954). 
3] 8S. Nacakura, J. Chem. Phys. 28, 1441 (1955); 24, 311 (1956). 
4) W. R. CULLEN and R. M. Hocusrrasser, J. Mol. Spectroscopy 5, 118 (1960). 
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currents calculated by the method of Lonpown [1] for each individual ring. The distance depend- 
ence of the resulting chemical shifts was calculated using the tables of Jounson and Bovey. 
While in most cases the calculated chemical shifts are larger than the observed ones, the hydrogen 
atoms in phenanthrene which are in van der Waals contact have a chemical shift considerably 
larger than that calculated This is believed to be a \ an der Waals shift similar to that recently 
observed for gases under high pressures. The similarly located protons in perylene have a 
much smaller chemical shift which may be due to the marked reduction in the degree of van 
der Waals contact or to a smaller current in the central ring. 


Molecular beam magnetic resonance studies of Ni*:* I. Cuant and Micron RB. Baker, 
Lyman Laboratory of Physics, Harvard University, Cambridge 38, Massachusetts. 


The rf spectra corresponding to the reorientations of the N’* nuclear moment and the 


'S by the molecular beam magnetic 


molecular rotational moment have been studied in Ny 
mance wd A recently constructed beam apparatus with an electron bombardment 

i for the experiments. In order to study these small moments, it was advan- 

tageo ro to very narrow slits. The intensity of the beam was maintained at the normal 
level through the use of m iltiple beams. Our ¢« xperiments were carried out at magnetic fields 
of 7400 and 6700 G. From a preliminary analysis of the N° nuclear resonance, the magnitude 
of the spin-rotational constant of N™ in N° was determined to be 23 3 ke/s. This can be 


shown to be consistent with available nitrogen chemical shift data. The magnitude of the 


rotational magnetic moment of N,'° was found to be 0-2593 0-005 nm. 


* Work supported by the National Science Foundation and by the jomt program of the Office of 
Naval Research and the U.S. Atomic Enc rev 
Foundation Postdoctoral Fellow, 1960-61. 


Phys. 1, 175 (1958 
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ANNOUNCEMENT 


Tue 13th Annual MID-AMERICA Spectroscopy Symposium, sponsored by the Chicago 
Section of the Society for Applied Spectroscopy in co-operation with the Cleveland, Detroit, 
Indianapolis and St. Louis Sections, has been scheduled for April 30 through May 3, 1962, 
at the Conrad Hilton Hotel, in Chicago. 

Original papers on the most recent advances in Infrared, Raman, Optical Emission, 
X-Ray, General Absorption, NMR, EPR, and Atomic Absorption will be presented. 

For the first time, according to Jonn R. Ferraro and Josern Ziomek, Symposium 
Co-ordinators, new sessions on Vacuum Ultraviolet, Gas Chromatographic Preparation of 
Samples for Spectroscopic Analysis and an NMR Workshop—all of special appeal to 
spectroscopists—will be introduced at this meeting. 

The popular Introductory Clinic in Infrared Spectroscopy will be continued at the 
Mid-American Symposium. Problem clinics, seminars, and an exhibit featuring the very 
latest instruments and equipment will be of special interest. 

For further information, write to Dr. Joun R. Ferraro, Argonne National Laboratory, 
9700 South Cass Avenue, Argonne, Illinois, 
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Relative intensities for the arc spectra of seventy elements 


F. Meceers, H. Coriiss and Bourpon F. Scrirpner 
National Bureau of Standards, Washington, D.C. 


(Received 30 January 1961) 


Abstract—The relative intensities, or radiant powers, of 39,000 spectral lines with wavelengths 
between 2000 and 9000 A have been determined on a uniform energy scale for seventy chemical 
elements. This was done by mixing 0-1 at. per cent of each element in powdered copper, pressing 
the powder mixture to form solid electrodes which were burned in a 10-A, 220-V d.c. are, and 
photographing the spectra with a stigmatic concave grating while a step-sector was rotating in 
front of the slit. The sectored spectrograms facilitated the estimation of intensities of all element 
lines relative to copper lines which were then calibrated on an energy scale prov ided by stand- 
ardized lamps, and all estimated line intensities were finally adjusted to fit this calibration. 
Comparisons with other intensity measurements in individual spectra indicate that the spectral- 
line intensities may have errors of 20 per cent, but they first of all provide uniform quantitative 
values for the seventy chemical elements commonly determined by spectrochemists. 

The complete data are being published as a National Bureau of Standards Monograph. About 
1100 of the lines are presented in this paper as a list of the strong lines of each element. Energy 


levels and term combinations are given for each classified line. 


1. Introduction 
SPECTROCHEMISTRY was born a century ago when KircnuHorr and BUNSEN [1] 
definitely demonstrated that chemical elements were uniquely identified by 


spectral radiations, or lines as seen in a spectroscope provided with a slit. This led 
immediately to the identification of many chemical elements in the sun and to the 
discovery of several new elements, but no quantitative chemical analyses were 


made until much later. 

In 1874, Lockyer [2] stated that ‘while the qualitative spectrum analysis 
depends upon the positions of the lines, the quantitative analysis depends not upon 
their position but upon their length, brightness, thickness and number as compared 
with the number visible in the spectrum of a pure vapor’. Thus, position (or 
wavelength) and brightness (or intensity) are recognized as being the two most 
important properties of spectral lines; wavelengths identify chemical elements and 
intensities indicate the concentrations of identified elements in mixtures or 
chemical compounds. 

During the past century there has been spectacular improvement in the 
accuracy of spectral wavelength determinations; the early ones were limited to 
three or four figures, the later use of diffraction gratings and wavelength standards 
permitted the specification of five or six figures. Since 1900 the application of 
interferometers and better gratings has refined many wavelengths to seven figures, 
and recently some eight-figure values of wavelength standards have been provided. 
Unfortunately during this past century very little progress has been made in 


[1] G. Krrennorr and R. Bunsen, Ann. Physik 186, 161 (1860). 
{|2] J. N. Lockyer, Phil. Trans. Roy. Soc. London 164, 479 (1874). 
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assigning uniform quantitative intensity values to spectral radiations. The great 
bulk of spectral observations have been made photographically because photo- 
graphic emulsions provide detailed, permanent records of spectra not only in the 
visible but also in the invisible ultraviolet and infrared regions. But even if the 
light source is reproducible and standardized, it is not easy to evaluate the spectral 
efficiencies of spectrographs and photographic emulsions. The usual procedure 
has been to make subjective visual estimates of relative intensities of spectral 
lines on an arbitrary scale based on the relative blackness and/or width of spectral 
line images appearing on a developed photographic plate. Consequently, in 
thousands of individual papers and in numerous comprehensive compilations of 
spectral data we find only qualitative data on intensities which may have some 
meaning for adjacent lines in a given spectrum but none at all when comparing 
widely spaced lines, or lines emitted by the neutral atom or ion of the same 
element or by different chemical elements. 

In the beginning, most intensity data were reported on an arbitrary scale of 
ten steps, weak lines being assigned an intensity of 1, and the strongest line 
intensity 10. Even as late as 1945 extensive new spectral tables prepared by 
GATTERER and JunKeEs [3] displayed estimated intensities on this limited 1 to 10 
scale. Since 1910 some spectroscopists have arbitrarily expanded this arbitrarily 


compressed scale. For example, in the very extensive spectral tables published 


by Exner and Hascuek [4] the estimated intensities range from | to 1000. In 
wavelength tables compiled by TwyMan and Situ [5] the maximum intensity is 
20, in the compilation of Kayser and Rrrscui [6] estimated intensities rise to 
4000, and in the well-known W.J.7'. Wavelength Tables {7| they soar to 9000. The 
most recent compilation of Tables of Spectrum Lines by Zaipex et al. [8] quotes 
data from the W./.7. Tables and more modern sources but adds nothing new on 
spectral line intensities. 

In or about the year 1925, microdensitometers were developed for the purpose 
of quantitative measurement of relative intensities among related lines in multi- 
plets to test the sum rules derived from the quantum theory of spectral structure, 
but no general applications were made. Since then thousands of spectrochemists 
have applied microdensitometers to quantitative chemical analyses by calibrating 
intensity ratios of analysis- and internal-standard lines, but such measurements 
have contributed nothing to the basic data on spectral line intensities. Likewise, 
with few exceptions, the modern substitution of electronic photodetectors for 
photographic emulsions has added nothing to our knowledge of true line intensities 
over long ranges of different spectra of many chemical elements. 

How may one hope to obtain, with a reasonable amount of labor, quantitative 


A. GATTERER and J. Junxes, Spektren der Seltenen Erden. Vatican City (1945). 

F. Exner and E. Hascuex, Die Spektren der Elemente bei normalem Druck. Vols. 1-3. Franz 
Deuticke, Leipzig und Vienna (1911). 

F. Twyman and D. M. Smirn, Wavelength Tables for Spectrum Analysis (2nd Ed.) Adam Hilger, 
London (1931). 

H. Kayser and R. Rirscut, Tabelle der Hauptlinien der Linienspektren aller Elemente (2nd Ed.) 
Julius Springer, Berlin (1939). 

G. R. Harrison, Massachusetts Institute of Technology Wavelength Tables. Wiley, New York (1939). 
A. N. Zaiper, V. K. Prokor’ev and 8. M. Ratskxu, Tables of Spectrum Lines. VEB Verlag Technik, 
Berlin (1955). 
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Relative intensities for the are spectra of seventy elements 


intensity data on the same scale for thousands of spectral lines representing 
practically all of the metallic elements? A hint was given in 1874 by Lockyer [2] 
who observed that ‘‘the lines of any constituent of a mechanical mixture dis- 
appeared from the spectrum as its percentage was reduced.” Acting on this 
suggestion, HARTLEY [9], in 1884, began to study the spark spectra of metals in 
solutions with concentrations of | per cent, 0-1 per cent, 0-01 per cent, and 0-00] 
per cent, and proposed a method of quantitative spectrochemical analysis based 
on the lines that could be detected at each dilution. Similar studies were later made 
by PoLiok and Leonarp [10], by pe Gramonr [11] and by Léwe [12] all showing 
that with progressive dilution of an element its spectral lines weakened and 
vanished until only the most sensitive line remained to reveal its presence. In all 
these works the principle of quantitative spectrochemistry appeared to rest on the 
number of lines detectable rather than on their individual intensities. Casual 
observation must have shown lines of equal strength in spectra of solutions differing 
a thousand-fold in concentration but no one mentioned it. It is difficult to under- 
stand why these early studies of residual spectra in quantitatively prepared 
mixtures or solutions did not suggest a method for obtaining physical intensities, 
but it is a fact that before our work had begun no one had attempted to express 


spectral line intensities as directly proportional to the number of radiating atoms 
or concentration of the element. The present monograph reports such an 
attempt [13]. 

Our method of deriving line intensities from are spectra of elements diluted in 
copper was recently adopted by ALLEN [14, 15] to obtain oscillator strengths of 
some radiations from 3200 to 5400 A representing nine elements. 

At various times since 1932 we have photographed the are spectra of seventy 


chemical elements diluted in silver or in copper, and determined the line intensities 
of the diluted elements relative to selected lines of the matrix. An energy calibra- 
tion of the latter finally led to physical intensities of 39,000 spectral lines represent- 
ing seventy elements, all on the same energy scale. These experiments and results 
are based on the following propositions, regarded as fundamental for the quantita- 
tive description of residual spectra of diluted elements excited in ordinary d.c. ares. 


1. The limiting detectability of any line is defined as the atomic concentration that 


ensures positive detection of the line 


This limit is determined mainly by unavoidable background on a fully exposed 


spectrogram. The spectrum of an are burning in air consists of discrete lines due 


to atoms, and of more or less extensive band systems from transient compounds 


(usually monoxides), all superposed on a continuous background arising from 


thermal radiation of incandescent oxides, from transitions in the continuum, and 


[9] W. N. Hartiey, Phil. Trans. Roy. Soc. London 175, 49, 325 (1884). 


{10} J. Pottox and A. H. Leonarp, Proc. Roy. Soc. Dublin (2) 11, 217, 229, 257, 270, 331 (1908). 
[11] A. pe Gramont, Compt. rend. 147, 307 (1908). 
[12] F. Lowe, Atlas der letzten Linien der wichtigsten Elemente. T. Stetnxorrr, Dresden und Leipzig 


(1928). 


C. W. ALLEN and A. 8. Asaap, Monthly Notices Roy. Astron. Soc. 117, 36 (1957). 
C. W. ALLEN, Monthly Notices Roy. Astron. Soc. 117, 622 (1957). 
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possibly from scattered light. This background sets a limit to the exposure for 
faint lines that may be given by any actual photograph. If this were not true, the 
exposure could be increased indefinitely to compensate for unlimited reduction in 
concentration, and detectability would always be infinite. Faint lines are not 


recorded by underexposure, and they cannot be recognized on a very dense back- 


ground produced by overexposure. In order to guarantee positive recognition and 


unambiguous chemical identification a spectral line should be sufficiently well 
detined to permit accurate wavelength measurement. Experience shows that the 


minimum photographic density that meets this requirement is of the order of 


0-05 above that of the background. 


the element is found 


2. The limiting detectability of any element in an arc depends on the matrix in which 


There is no doubt that in the conventional arc, relative volatilities of the 


chemical elements as well as relative ionization potentials affect the relative 


strengths of their mixed spectra. In general, the elements with high vapor pressure 


and/or low ionization potential will be favored in spectral excitation, but elements 
with either high or low volatility may be underestimated if not uniformly present 


during the exposure, and easily ionized elements may appear less sensitive because 
of more complete ionization. In this connection it must be noted that large 
differences in apparent detectability are possible if concentrations are expressed 
in relative weights instead of numbers of atoms. Thus, 0-01 at. per cent of boron 
in uranium is equal to < 0-0005 wt. per cent since the uranium atom is twenty-two 


times heavier than the boron atom. 


3. The primary substance (matrix) has no important effect on the relative intensities 


of lines due to a secondary substance 
4 


It is conceded that the relative intensities of analogous spectra of different 


elements, and of spectra of successive stages of ionization of the same element, 


may vary with the composition of the samples and/or with the type, or portion, of 
light source from which radiation is taken, but there is no evidence that the relative 


intensities of lines in any particular spectrum of a given element are thereby 
greatly changed. It may be expected, therefore, that the relative intensities of 


lines observed in one metallic are will remain valid in any other metallic are, provided 


the ares are at approximately the same excitation temperature. The absolute 


intensities and the relative strengths of neutral atom and ion spectra may be 


altered by excitation conditions. For example, silicon may be more sensitive in 


carbon than in calcium, and it is well known that when easily ionized alkalies are 


present in sufficient quantity to influence discharge conditions they reduce the 


intensity of other spectra, especially those characteristic of ionized atoms. 


4. The order of lines arranged according to decreasing detectability in progressive 


dilution is the same as the order of decreasing intensity in the spectrum of the pure 


element 


In other words, emission line intensities in residual are spectra (barring self- 
absorption) are proportional to the number of radiating atoms, and relative 
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intensities may therefore be derived from concentrations at which different lines 
show the same intensity or limiting detectability. 

Are spectra usually exhibit a variety of lines, sharp or narrow ones, diffuse or 
wide ones (including band heads), strong ones accompanied by photographic 
spreading of developed images, others wide on account of hyperfine structure, and 
some partially reversed. All of these types, except the last, appear in residual are 
spectra at low concentrations, and it may be questioned if it is possible to place 
them on a uniform intensity scale. It may be assumed that if total blackening 
integrated over the width of the line when recorded at a moderate level of density 
be considered in estimating relative intensities, these will be on a uniform scale 
within the limits of precision in making such estimates on lines of different types. 


5. The order of spectral lines arranged according to decreasing intensity is the same 


when the intensities are decreased by rotating stepped sectors as when the intensity 
reduction is produced by successive dilution of the element in a matrix 

This was recognized by LOwe [12] who published an atlas of spark spectra of 
forty-four elements diluted from 1 per cent to 0-001 per cent and later obtained 
practically the same results by observing spectra with stepped exposure times | 16]. 
In our experiments the labor of preparing samples of seventy elements in four or 
more dilutions was greatly reduced by adopting only one dilution (0-1 at. per cent) 
and then producing further reductions of spectral-line intensities by means of 
rotating step sectors. 


6. Limiting detectability (as defined in (1)) may be adopted as a physical scale of 
intensilies 

Such intensities may be fixed as follows: In a fully exposed spectrogram of 
copper containing, 0-1 at. per cent of another element any faint but unmistakable 
line at a given wavelength is assigned unit intensity. Any similar line appearing 
with unit intensity in a spectrogram when the energy, or concentration, is reduced 
to one-fifth is said to be five times as strong. Thus, all lines can be assigned 
relative intensities proportional to their limiting detectabilities by determining 
either the energy reduction or the concentration reduction at which the stronger 
lines finally show unit intensity. The atomic per cent concentration at which any 
line will show unit intensity then results from dividing 0-1 by its required energy 
or concentration reduction. For example, a line of intensity 10 should show plainly 
at 0-O1 at. per cent, while one of intensity 1000 should be easily seen at 0-0001 at. 
per cent (one in a million). Assuming the ratio concentration/intensity to be con- 
stant, the maximum intensity at 100 per cent is easily obtained. Thus, a line with 
intensity 1000 at 0-1 at. per cent will have an intensity value of 1000 100/0-1 
1,000,000 at 100 per cent. This indicates a much larger range of spectral intensities 
than mentioned heretofore, but it is not unrealistic. 


II. Experiments 
Whereas all earlier experiments on residual spectra of diluted elements involved 
spark excitation of solutions or fused salts, we decided to employ d.c. are excitation 
[16] F. Lowe, Atlas der Analysenlinien der wichtigsten Elemente. T. Stersxorprr, Dresden und Leipzig 
(1936). 
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for the following reasons. It has been shown [17] that the first ionization potentials 
of some seventy metallic elements range from 4 to 11 V and the strongest spectral 
lines of most of these elements have wavelengths between 2000 and 9000 A, which 


is the spectral region covered by the present investigations. Furthermore, it is 


known [18] that the second ionization potential of these elements ranges from 10 
to 75 V and that the strongest lines of singly ionized atoms generally have 
shorter wavelengths than those of neutral atoms, nearly half of them being shorter 
than 2000 A so that they can be detected only in vacuum spectrographs. Because 
low-voltage ares have less ionizing action than high-voltage sparks more atoms 
will remain in the neutral state and, in general, therefore, are spectra will exhibit 
stronger lines and higher sensitiv ity than spark spectra. 

The use of are spectra in these experiments threatened to introduce errors on 
account of self-absorption of radiated energy in the are aura or envelope which 
consists largely of unexcited neutral vapor atoms. In all spectra of ares between 
metal electrodes this is the cause of conspicuous self-reversal of all lines involving 
the ground state of the atom. However, self-absorption is a function of vapor 
density surrounding the are and if this is reduced to 0-001, self-reversal is usually 
negligible (see Fig. 1). This is our reason for making these experiments with 
individual elements diluted in copper in the ratio | to 1000. When ground-state 
lines of extraordinary intensity were suspected of some self-absorption, intensity 
ratios were checked or corrected by examining our earlier spectrograms made with 
this element diluted to 0-0002 at. per cent in silver. 


1. Dilution in silver 

Our preliminary experiments, begun in 1932, can be described briefly as 
follows: solutions of known strength of the elements under investigation were 
prepared and proper amounts added to pure silver oxide, which was then reduced 
to metal by heating to make samples containing eight definite atomic ratios 
extending from 0-05 to 0-0002 at. per cent of the element added to silver, with a 
factor of about 2 between seven successive dilutions. In order to save time and 
labor, each series of silver samples incorporated from three to six chemical elements, 
in addition to zine which supplied internal standard lines. These samples were 
burned on pure copper electrodes of a 220-V d.c. are with 10 A. An image of the 
are was projected onto the slit of a stigmatic concave grating spectrograph by means 
of a fused-quartz lens. Each series of excited samples was exposed on successive 
segments of the slit, and was photographed in four spectral regions ranging from 
2000 to 9000 A. A comparator was employed to measure wavelengths (relative to 
silver and copper lines) for the identification of the added elements, and relative 
intensities of all lines belonging to residual spectra of diluted substances were 
estimated and related to concentration. These results were not satisfactory for 
the following reasons: the use of silver as a matrix and of copper for are electrodes 
precluded the possibility of getting any data for these two elements or for any 
lines masked by silver and copper lines. Also the inclusion of three or more 


17) W. F. Meeoers, J. Opt. Soc. Am. 31, 39 (1941). 
18) W. F. Mecorrs, J Opt Soc. Am 31, 605 (1941). 
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Fig. |. Are spectra of pure manganese (center), and of copper containing 0-1 per cent Mn 
(above and below), all through a rotating step sector, Spectral range from 3960 to 4105 A. 
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Fig. 2. Energy calibration of copper lines. (Abore)—Are spectrum of copper through 
rotating step-sector, Spectral range from 3400 to 3680 A. (Below) Standard-lamp 
spectrum at 50 A intervals through same step-sector. 
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elements in each series of samples resulted in the blending of many lines, especially 
in complex spectra, so that it was not possible to assign proper intensities in these 
cases. Furthermore, the method of sample preparation and observing appeared to 
be unsuited to very volatile elements, or compounds, because no residual spectra 
could be recorded for them even at concentrations of 0-1 at. per cent. 


2. Dilution in copper 


In 1941 these preliminary experiments were abandoned in favor of a modified 
procedure which led to satisfactory results. The chief changes in procedure came 
with the availability and use of pure metal powders, and a hydraulic press to form 
solid electrodes of mixed powders. Instead of reducing spectral line intensities to 
the limit of detectability by successive dilutions of the element in different samples 
only one dilution (0-1 at. per cent) was prepared and line intensities were reduced 
by observing through rotating step sectors. The successful procedure may be out- 
lined as follows: An element under investigation was mixed with pure copper 
powder in the atomic ratio of one to one thousand. These mixtures were pressed 
into solid electrodes, and burned in a 220-V, 10-A d.c. are which was imaged 
entirely on the collimator of a stigmatic grating spectrograph by a lens at the slit. 
A rotating step sector in front of the slit reduced the spectral intensities to one-fifth 
in each of four steps (see Fig. 1). Spectral intensities of the element added to 


copper were estimated relative to those of selected copper lines, and this was done 
separately for each of seventy elements throughout the range of spectrum from 
2000 to 9000 A. The true intensities of the selected copper lines above 3300 A that 


served as internal intensity standards were then measured, by photographic 
photometry, relative to the known energy distribution in the spectrum of an 
incandescent tungsten-strip filament at a certain temperature (see Fig. 2). Between 
2000 and 3300 A a calibrated hydrogen lamp was used to determine the relative 
intensities of copper lines. Finally the apparent intensities of 39,000 spectral lines 
of seventy elements, relative to copper, were adjusted to fit the copper calibrations. 
These experiments thus provide empirically determined lists of the principal lines 
of all elements actually detectable under average conditions in are spectra when 
their concentrations are 0-1 at. per cent, and the individual lines bear intensity 
numbers approximately proportional to their detectability or their relative energy. 
That these intensity numbers really represent physical intensities was proved by 
comparing them with earlier, accurately measured relative intensities of lines in 
multiplets and with published relative f-values or oscillator strengths of lines in 
different multiplets extending over a wide range of spectrum (see below). 

In order to provide intensity data for spectral lines that are partially or wholly 
obscured by copper lines, a sectored spectrogram of the pure element excited with 
self-electrodes, or of a metallic compound or salt excited in a carbon are, was 
photographed on every plate so that any lines blended with copper could be interpo- 
lated with proper estimates of their relative intensities. Comparison of relative 
intensities in copper and in carbon matrices also supplied new information on 
successive spectra, I and II, especially of rare-earth spectra. Similar data for 
copper itself were obtained by using pressed electrodes of pure silver powder to 
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which 0-1 at. per cent of copper was added, plus the same quantities of gold and 
zine to serve as internal standards. 

Further details of experimental materials, apparatus, and procedure are given 
in the following paragraphs. 


3. Arc electrodes 

For this investigation materials of high purity were acquired, preferably in the 
form of metal powders, although some elements, not available in pure powdered 
metal form, were obtained as oxides. In every case the proper amount was added 
to powdered copper to produce a mixture in which there was one atom of the added 
element to each 1000 atoms of copper. These mixtures were homogenized by 
mechanical shaking and then compressed into solid cylindrical pellets in an 
hydraulic press at 5000 lb/in®. The pellets were 6-4 mm in diameter, 6-4 mm in 
length. and weighed about 1-5 ¢. Two of a kind were mounted in massive water- 
cooled clamps in an are stand and a direct current of 10 A passed between them 
from a 220-V line with ballast resistance. A 3mm gap was maintained between 
the electrodes during the exposures, which varied in duration from | sec to 5 min, 
depending on spectrographic efficiency and sensitivity of photographic plates in 
different spectral regions. 

The are was imaged on the collimator of a concave-grating spectrograph by 
means of a quartz lens immediately in front of the slit to obtain uniform illumina- 
tion along its length and collect light from all parts of the are. Rotating step 
sectors were operated immediately in front of the collecting lens. A 5 to | ratio 
was used for all line-intensity spectrograms, and a 2 to | ratio was used for the 
energy calibration of copper lines. 


4. Spe ctrograph 

The dispersing apparatus was a 15-cm grating with 600 lines per mm and 6-7 m 
radius of curvature in a Wadsworth-type mounting to give stigmatic images on 
photographie plates. All observations were made in the first-order spectrum in 
which the reciprocal dispersion was 5 A per mm, and the practical resolving power 
about 50,000 with a slit width of 30 a. 


5. Photographic plate 8 

In order to determine, relative to copper, the intensities of all lines of seventy 
chemical elements diluted 1000-fold it was necessary to make many hundreds of 
spectrograms, and to employ four varieties of photographic plates to cover the 
wavelength range 2000-9000 A. The spectral range 2000-3000 A was recorded on 
Eastman 103-0 ultraviolet sensitive plates, 2600-4900 A on Eastman 33 plates, 
4600-6900 A on Eastman II-F plates, and 6600-9000 A on Eastman I-N plates. 
Each plate was developed for 4 min in a rocking tray containing D-19 developer 
at 70°F. 

The exposure times in each spectral range were chosen by trial to obtain a 
suitable continuous background in the first step of the rotating step sector. Be- 
cause of variations in spectral sensitivity of photographic materials and in spectro- 
graphic efficiency, two exposures of the contaminated-copper ares were usually 
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made on each plate, with exposure durations in the ratio 2 to 1, and the sectored 
comparison spectrum of the contaminant was placed between them. Measurements 
were usually confined to the exposures which showed the optimum background 


in the first step of the rotating sector. 


6. Energy calibration of copper lines 

In order to determine the factors necessary to convert the estimates of apparent 
intensities of the lines of seventy elements relative to copper into true relative 
intensities, it was necessary to determine the true relative intensities of selected 


reference lines in the spectrum of copper. The energy calibration of copper lines 


was performed as follows. 
A General Electric tungsten ribbon filament lamp (type F339-85, 30 A., 6 V) 
equipped with a fused quartz window served as the reference standard of spectral 


energy distribution in the wavelength range 3300-9000 A. The brightness tempera- 
ture of the filament at 6500 A was measured at two values of filament current by 
Henry Shenker in the National Bureau of Standards Pyrometry Laboratory. 
The true temperature 7 of the filament was determined from the brightness 
temperature by means of the following equation obtained from Wien’s law 


l l 


+ —InA 
T Tp 
17 where C, 1-438 em-deg. and A is the product of the emissivity of tungsten (0-427) 
6] and the transmittance of the quartz window (0-916) at 6500 A. 


Table 1. Temperature of tungsten lamp 


Brightness True 


Current 
(A) 


temperature temperature 


(°K) (°K) 


38-00 2787 
40-00 2567 2881 


The energy distribution from black bodies operated at these temperatures was 
taken from tables prepared by Starr and Sarra [19] in the 2300-3500 A range, 
by SKOGLAND [20] in the 3200-7600 A range and by Lowan and Biancu [21] in 
the 7200-10,000 A range. The data from these tables were adjusted to a common 


basis and multiplied by the emissivity of tungsten and the transmittance of fused 
quartz at intervals increasing from 50 A in the ultraviolet to 200 A in the infrared. 
The emissivity of tungsten was taken from a weighted mean curve of published 
values to which reference is made by Starr and Smiru [19]. The transmittance of 
fused quartz was calculated from data on its index of refraction published by 


{19} R. Svarr and W. O. Soiru, J. Research Nat. Bur. Stand. 30, 449 (1943). 

[20] J. F. Skocianp, Tables of Spectral Energy Distribution and Luminosity for use in Computing Light 
Transmissions and Relative Brightne S88 from Spectrophotometric Data, Mise. Publ. Bur. Stand., 
No. 86 (1929). 

A. N. Lowan and G. BLancna, J. Opt. Soc. Am. 30, 70 (1940). 


[21] 
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SosMAN [22]. The final product, representing the relative energy distribution of 
the radiation emerging from the quartz window of the lamp, was plotted on a con- 
venient scale to permit interpolation to any wavelength in the range 2300—10,000 A, 

Spectrograms of the pure copper are and of the tungsten lamp were made under 
conditions identical with those described above except that for these a 2 to 1 step 
sector with eight steps was used for closer calibration (Fig. 2). Microphotometer 
measurements of transmittance were made in each step of the standard-lamp 
spectrum at intervals of 50 A and a family of calibration curves of transmittance 
vs. log exposure (hereafter referred to as log J) was drawn up for each plate. The 
exposure of the standard-lamp J, is read from the calibration curve for each wave- 
length at a transmittance of 40 per cent (where the curve is linear) and then divided 
by the calculated intensity 7, at that wavelength. /, is the calculated intensity 
emitted by the standard-lamp. A standardization curve of log J,//, vs. 2 was 
plotted for each plate. Calibration curves of transmittance vs. log J were then 
drawn from measurements on each of the selected copper lines and the log exposure 
(log J¢y) of each copper line at a transmittance of 40 per cent was read from each 
curve. Log J,/7, was then subtracted from the average of numerous values of log 
Jc, to give log J, which is the log of the true relative intensity of the copper line. 
The values of log /,, from plates in adjacent wavelength regions were adjusted to 
a common basis by means of lines common to both plates. The plot of log J,//, vs. 
/ is the relative response function of the plate-spectrograph combination and as 
such was itself useful in the infrared where the copper spectrum lacks lines suitable 
for use as an intensity reference. 

From two to twenty-four determinations were made on each of 202 lines of Cu I 
between 2800 and 8100 A with an average of about nine determinations per line. 
The values of J,, obtained by this procedure below 3300 A were systematically 
low because of the rapid decline in intensity from the standard lamp in the direction 
of short wavelengths. The intensity from the lamp at 5500 A is about forty times 
the intensity at 3300 A and about 300 times the intensity at 2800 A. This fact 
introduces possible errors from scattered light of the intense visible radiation which 
tends to raise J, and consequently depress J ,.,. 

The spectrum of copper is composed of sharp lines and diffuse lines. Since the 
microphotometer measurements were made at the peaks of the lines rather than 
integrated over their widths, the measured intensities of the two groups of lines 
are on different relative scales, the scale of the diffuse lines being smaller than that 
of the sharp lines. The reference lines selected for calibration of the estimates of 
apparent intensity are all sharp lines. 

The random error of the photometric procedure, including microphotometer 
error and irregularities of response of the V plates was determined from ninety-two 
measurements of apparent relative intensities in spectra of the standard lamp on 
two plates. The standard deviation of individual measurements from the mean 
was found to be about 1-5 per cent. It is probable, therefore, that the uncertainties 
in these intensity measurements of the copper lines lie entirely in the systematic 
errors discussed above and in the random fluctuations of the are under study. 


[22] R. B. Sosman, Properties of Silica. Chemical Catalog Company, New York (1927). 
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Since the ribbon filament lamp was too faint in the region from 2000 to 3300 A 
to serve as a standard, recourse was taken to a Hanovia hydrogen are lamp. 
Output from this lamp was compared by R. Srarr in the Radiometry Section of 
this Bureau with a standard tungsten-in-quartz lamp and a standard mercury are 
in the region from 2500 to 3800 A; this provided an independent overlapping 
valibration which carried us down to 2500 A. 

The intensity numbers below 2500 A become less accurate as the short wave- 
length limit is approached. Lacking any reliable energy calibration for shorter 
waves, the intensity estimates from 2500 to 2000 A were necessarily adjusted by 
judicious extrapolation, guided by the declining densities of background in the 
spectrograms, caused by the increasing absorption in the apparatus and in the air 
at shorter wavelengths. 

III. Results 

Because these relative intensities of 39,000 lines of seventy elements are based 
on empirical detectability they will be generally applicable to spectrochemical 
analysis provided that proper corrections are made on account of different excita- 
tion in different matrices. Chemical elements differ in volatility, electron emission, 
spectral excitation and spectral background, and consequently their spectral 
detectability in different mixtures or matrices depends on certain controlling 
factors. One of the most important factors is the atomic ionization potential 
which ranges from 3-9 V for Cs to 11-3 for C, and for the investigated seventy 
elements has an average value of 7-3 V. By mixing these seventy elements with 
copper, which has an ionization potential of 7-7 V, we obtained excitation con- 
ditions very near the average for all. To convert our intensity numbers from 
copper to any other matrix would require the empirical determination of the proper 
conversion factor for each element. 

It should be pointed out that sensitivity of detection in spectrochemical analysis 
is commonly given in per cent by weight. In order to find the weight per cent 
from the atomic per cent, the following simple relation applies: 

_ CoA, 
Acy 
where C,, is the concentration in per cent by weight, C, is the atomic per cent 
(0-1 in this case), A,, is the atomic weight of copper, and A, is the atomic weight 
of the element X. 

Although our original intention was to determine the relative strengths of many 
spectral lines from different chemical elements for purposes of quantitative spectro- 
chemical analysis, we believe that the results may also interest theoretical spectro- 
scopists and astrophysicists. For instance, if our intensity numbers, based on 
concentration detectability and relative energy calibration, actually express 
relative energies then all may be converted to oscillator strengths, or to relative 
gf-values, or even to absolute f-values, if the proper conversion factors can be 
found. 

Secause of the low concentration of each element in the copper are from which 
the spectra were observed, the lines were extraordinarily free from self-absorption. 
This fact suggests that these emission intensities could be converted into relative 
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gf-values, provided that a valid excitation temperature can be assigned to the 


copper are. 

The temperature of the copper are can be determined by comparing the observ- 
ed relative intensities of the lines of an element with the relative gf-values of those 
lines [23], provided that the are can be shown to be in local thermodynamic 
equilibrium for the energy states under consideration. A preliminary investigation 


T=5170°K 
Ti in Cu 


1 
35 40 
Upper e.p.in Volts 


Fig. 3. Plot of log intensity times 7 over gf vs. upper excitation potential of Ti I lines. 
The temperature of the are is derived from the slope of the line which best fits the points, 


of this sort has been carried out by using relative gf-values determined by R. B. 
and his co-workers for Ti I {24}, Ti [25], V 1 [26], Cr 1 [27], Fe 1 [28], [29] 
and Ni I [30) in the region above 3000 A. Fig. 3 is a typical example of the correla- 
tion of intensities and gf-values indicating the temperature of the copper are. The 
comparison shows that our copper are is sufficiently in equilibrium to yield a 
temperature which may be useful in calculating approximate gf-values of some 
HemMeENpinGER, J. Opt. Soc. Am. 31, 150 (1941). 
. B. Kuve and A. 8. Kove, Astrophys. J. 87, 24 (1938). 
B. Kine, Astrophys. J. 94, 27 (1941 
B. Kine, Astrophys. J. 105, 376 (1947). 
J. Hint and R. B. Kova, J Opt. Soc. Am. 41, 315 (1951). 
B. Kine and A. 8. Kuxe, Astrophys. J. 82, 377 (1935). 
’. W. Carrer, Phys. Rev. 76, 962 (1949). 
. B. Kixe Astrophys. J. 108, 87 (1948). 
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utility from our intensity numbers. A preliminary value of 5000 300°K has 
been obtained as the average temperature of the 10-A, 220-V, copper are. 

Because our intensity data represent single (sometimes two) personal sub- 
jective estimates of photographic densities in sectored spectrograms there is no 
possibility of deriving statistically any probable errors or standard deviations for 
individual values. However, an estimate of the accuracy or reliability of our data 
may be obtained by comparing them with quantitative results published by other 
investigators. For example, Fig. 3 shows the ratios of our intensities to the relative 
gf-values reported by Kine and Kine [24] who measured the total absorptions of 
Ti I lines in furnace absorption spectra; they stated [28] that “The average 
deviations of the individual intensity measures from the mean values vary from 
4 to 15 per cent for different lines’ measured between four and sixteen times on 
different plates. Each small circle plotted in Fig. 3 represents a Ti I multiplet of 
from one to twelve lines. The average of fifty-nine deviations from the mean of 
all is 25 per cent. 

A second indication of the reliability of our intensities is obtained by comparing 
our values with the relative intensities of lines in multiplets of five elements (Cr, 
Fe, Mn, Ti, V) measured with photographic densitometry by Frericus [31] to test 
the sum rules. Such a comparison in twenty-one different multiplets indicates 
deviations ranging from 5 to 22 per cent, with an overall average of 14 per cent. 

A third estimate of the errors in our data results from their comparison with 
photoelectric intensity measurements in the iron are by Crosswuire [32], who 
claims an accuracy of the order of 1 per cent. The average difference between 
intensities of 330 iron lines (from 3175 to 5658 A) common to these two sets of 
observations is +27 per cent, but some of this difference may be due to tempera- 


ture, if this is not the same in both ares. 

Other comparisons could be made but the above three are different and typical; 
they suggest that the average error of our spectral-line intensities within a 
spectrum of each element is probably between 15 and 25 per cent. 

The uniformity of the intensity scale between the spectra of the various 
elements is more difficult to assess. Considerable care was taken to obtain spectro- 
grams under comparable conditions for all of the elements; however, differences 
in volatilities of the elements or their oxides, and differences in ease of excitation 
may possibly result in shifts of intensity scales between elements. An inspection 
of the intensities of the strongest lines of the elements indicates that the values 
are generally in the same order as sensitivity of detection of the elements where 
these are known. Although no high precision was expected in our mass production 
of intensities, it is emphasized that reasonably uniform, quantitative values are 
now available for 39,000 lines emitted by seventy elements. 

The complete tables of spectral line intensities resulting from this investigation 
are published elsewhere in two separately bound parts [33]. From these data some 
1100 principal lines of seventy elements were selected and are given here in Table 2. 


[31] R. Frericus, Ann. Physik 386, 807 (1926). 

H. M. Crosswuarre, Spectrochim. Acta 4, 122 (1950). 

[33] W. F. Mecorrs, C. H. Cortiss and B. F. Scrisner, Tables of Spectral Line Intensities. Part I. 
Arranged by Elements. Part II. Arranged by Wave lengths. NBS Monograph 32 (1961). U.S. 
Government Printing Office, Washington, D.C. 
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lable 2. The strong lines of seventy clements 


Wavelength knergy levels 


Element Intensity Spectrum combination 


25.348 


32,437 


3061-53 
71 


S512 46.001 


Antimony “Oo 


448.232 


40.3 


al) 
M40 
140 


Arsen: 


Ber, 


ist) 


320 S131-07 031.929 2s Dy)! 


Bismuth 3600 3067-72 O-32.588 as 6p? 7s! ip 


5 


2] 


Boron 2497-73 


240 2496-78 040,040 2a? 2p! 
Cadmium 2288-02 43,602 41?” 'So Sat Sp! 
360 S610-51 SIS27-59,516 Set Sp! Sd! 8D, 
Calcium 3933-67 II 0-25,414 B3p* 4s! *Soi Sp* 4p' Py 
22) II 0-25,192 3p* 4s! *So) 4p' *P os 
$226-73 I 0-23,652 3p* 4s* Se 3p* 4p' 
Carbon 10 2478-57 I 21648-61,982 2p? 1s) 2s? 2p! Bs! 
Cerium 20 4186-60 II H968- 30,847 tHe, 4f*6p 
220 3052-54 113, ‘Hy, 
16638-31,931 464) 1594) 
200 3801-53 I! 7234-33,531 1796, 
3000-24 Il 2382-27.380 ‘Hy, 
190 3042-75 Il 6913-32,269 "He, 
190 4012-39 II 4523-29439 
190 4133-80 Il 6968-31,152 4f6sa 
70 4460-21 Il 3554-26,268 a ‘Hs, 4f*tip 
160 3655-85 Il 20.9009 ‘Hy, 
1040-7 3594 28,335 
150 4562-36 I! 3854-25, 766 a ‘Hy, 
140 3042-15 I! 25.360 ‘Hs, “a, 
140 4137-65 I! $166-28,.327 4f6sa ‘Hy, 
140 $280-04 II 2642-25,945 1045, 
140 4206-67 II 4166-27433 47266 a ‘Hy 4f26p “Hy 
130 4073-48 Il 3854-28,396 47266 a ‘Hy, 
120 3882-45 I! 2596-28,345 ‘Fi 11% 
120 4391-66 Il 2596-25, 360 “Go, 
120 4628-16 II 4166—-25.766 a 
110 3716-37 Il 26,900 ‘He, 


110 4075-71 Il 5651-30,180 ‘He. 


I 112-32,435 3s? 3d" * Dy, 
Se? Sp? Gs! “Py, 
2877-02 I 8512-43,249 Sp? Sp* Gs! “Poy 
lan 6406-00 Il {874 20.262 bp! 
3130-42 O-31,935 Bot ls? 2p! 
1 
252 Bel 28 
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Relative intensities for the arc spectra of seventy elements 


Element 


Cerium 


(contd.) 


Cesium 


Chromium 


Intensity 


110 
110 
loo 
loo 


low 


70 
70 
70 
70 
1500 
800 
2400 
2100 
1700 
1600 
1300 
900 
850 


700 
440 
360 
360 
280 
240 


Wavelength 


(A) 


4075-85 
4222-0 
3854-19 
3854-32 
4151-07 
4471-24 
3577-46 
3838-54 
3878°37 
4165-61 
8700-29 
8709-93 
3808-12 
3623-84 
3660-64 
{4108-67 
14198-72 
4071-81 
4$2458-68 


3201-71 
3272-25 
3539-09 
3786-63 
3848-60 
3853-16 
3956-28 
4123-87 
4127-37 
4149-04 
4230-91 
4337-78 
4418-78 
8521-10 
8943-50 
3578-69 
3593-49 
4254-35 
3605-33 

274-80 
5208-4 
4289-7 
5206-0 
5204-5 
3017-5 
3021-56 
2835-63 
2986-47 


st. to 


Spectrum 


Il 
II 
I 
I! 
II 
II 
II 
II 
Il 
il 
Il 
Il 
II 
Il 
Il 
I! 
Il 
Il 
II 
Il 
II 
II 
Il 
I] 
II 
II 
II 
Il 
II 


II 


$911-29,439 
USS 24.663 
1874-27,812 
IS74-27,811 
914-20,502 
617—-27.976 
3704-31,.738 
2542-28. 686 
1410-27,187 
7341-31,340 
$204-31,156 
2382-28,634 
456-31,156 
6390-33977 
USS 28.208 
2880--30,135 


7341-31,152 
4166-27976 
2635-27,187 
5514-29,044 
5514-27,379 
6913-38,138 
5651-36,202 
2581—30.829 
1410-27,812 
4204-30,180 

0~25,.945 
4911-30,180 
6913-31156 
5514-29735 
5819-29909 
3854-27,433 


2635 


0 

0 

0 
7593 
0 
7593 
7593 
8308 
12,497 
S308 


25.682 
29,592 
11,732 
11,178 
27,935 
27.820 
25,499 
27,729 
23,386 
26.7588 
23.305 
26,796 
26,802 
$1,225 
41,393 

47,752 


41,782 


a 


Term combination 


¢ 


a 
‘He. 
“C44 
64 
"Hes 

‘Hy, 
384, 

a ‘He, 
1064 

a ‘He: 

Gs" 

Os" “Soh 

fe a'S, 

dea 

fs a'’S, 

is a'’S, 

ts a'S, 

is 

4s 

48 a°S, 

4s 

4s UDy 

is? 


Tay 

11295 

*H 

1f%6p 
if*6p 
‘Hs, 

1219) 

L074 

4f*6p 


ip y'Ps 
ip 
ipy'’Ps 
4p 2'Ps 
ip 2°Ps 
dp 2’P. 
4p 
4p 2*P, 
4p 
ip 
4p 
4p 


Energy levels 
‘Hy, 
‘Hs, 
‘Hs 
a He. 
|| a 
95 ‘Tey 
90 
85 ‘He. 
12055 
5 4 
H 6, 
80d 43, 1865, 
‘Hayy ‘Gig, 
stu) ‘Hs, ‘Hs, 
. 75 1079) 
17 75 4f*6p 
961 70 2325, 
70 21345 
70 145. ; 
34 
70 1294 
70 4] 
64 
70 1045, 
70 ‘Te: : 
70 
70 
‘Hy, ; 
4f*6p 
10344 
Sp” Op 
ip y'P, 
I 
1151 
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Table 9 (contd 


Element 


Chromium 


(contd 


Cobalt 


( opper 


Dysprosium 


Intensity 


now 


440 
340 
320 
320 
S300 
300) 
300 
2500 
2000) 
1300 
lowe 
600 
550 
ist) 


400 


Wavelength 


Spectrum 


Energy levels 


(A (em *) 


112.304 
112.497 
12.304 
SOS 


7811 


2677-16 


2843-25 
4351-77 
3014-76 
2US6-00 
3919-16 
3963-09 
344-51 S005 
3453-5 348: 
S405 348: 
3502-2 348° 
3443 414: 


20.520 


3474 


1469032 
4143-3: 
4143-3: 
4143-3: 


3520-81 
3506-32 
3412-34 
3587-19 
3526 
3804 
3462 
3465 
3489 
3512 
3518-3 
3845 
3409 
3433 
3247:: 
3273 
3531 
4211 
3068 
4186-7 
3944-7 
so) 
3872 
$104 
3536-03 
3SUS-54 
3385-03 
3407-79 
4167-99 
3460-97 


3494-49 


S461 


S461 


460400 
S461 
7442 
4143 


7442-3 


40.646 
44.838 
17.465 
31,280 
10,971 
$1,575 
33.816 
$5,741 

106 
2.431 
32,842 
O28 
3,173 
5.451 


467 
465 
654 
440 
346 
134 
46 
S45 
02 
151 
i875 
440 
AGT 


35 


29,336 


29,437 


Term combination 


Dg, 
a® Dy, 
a® Dg 
Ds 
Ds 
‘Ds 
‘Fy, 


4s? 
te 
te 
4s? 
4s 
4s 
ds 
4s 


458 28), 


°Gs! 


6 
Gs! 
$f) 
Gis! 


4f' "Gs! 


Gs! 


6 


3d" 4p' Po, 
$f) Gp! 


30,3999, 
29,336, 


28,8854, 
29,437) 


tp 
190 ip yy 
180 
160 » oS 
160 ts ip 2 
4e b Psy 4p Py 
I 7442 is a * Py ip 
4s Fy, tp Fs) 
3) 
is 3) tp 
a * F's) tp Foy 
Py, tp y*F 9) 196] 
1 4p y* Do 
& tp Dy 
Py 
— 0-3 4s! 
028,307 
I 
Il 0-25,192 25,1924, 
II 828-—28,252 28,252. 
025,343 Tey 25,343,, 
II 828 25,818 25,818), 
II 828-25,343 25,343.) 
Il 4756-30 ‘Tey 
1152 
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Table 2—(contd.) 


Wavelength Energy levels 
Spectrum rerm combination 


Element Intensity (A) ant 
Dysprosium 3523-98 I] $341-32,.710 4f'%6s! 32,710, 
(contd.,) 3534-06 I! S28-20,109 4f'°Gs! 29,109, 
3550-2: 
3630-25 
4218 
$221- 
3393-5! 28-30,287 4f'°6s! 
3445 29,014 
4103 28-25,192 | 4f*°6s! 
3585- 27.886 4f)%Gs! 
4215-1: 
3786-2 
Erbium $007 
3906-5 
3372-76 0-29,641 29,6415, 


700 3692-6 $40-27,514 27,5144) 


17 
96] 


H50 
Hoo 


3499 
3862 


$151 


440) 


20,011 


29,011 4) 


420 3896-2: 440-26,099 


340 3892-6 


320 3830-5: 26,099 0996) 
300 3616-5 27.643 6435) 


1087 


200 3264-75 30,621 30,621 
260 3937 

260 3044- 

260 3973: 

240 4020-5: 

220 3230-55 

220 3312-4: 440-30,621 
220 3392: 

220 3973: 

170 3385 440-29,973 
170 3088-65 


160 3786-84 


6) 


Europium 4000 ew 4205-05 023,774 6p 
3400 ew 3819-67 026,173 aS, 6p 
2800 ow 3930-48 1669-27,104 
2400 ow 3907-10 1669-27,256 4f"6p 
2200 ew 4129-70 024,208 4f76p 
2000 ow 3978-96 1660-26,838 7S, 4f76p 
1700 ew 3724-04 0-26,839 6p 
900 ew 4435-56 1669-24,208 a 4f"6p 
750 4594-03 (21,761 6p Ps) 
650 4627-22 21,605 6p y* Psy 
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Table 2—(contd.) 


ScRIBNER 


Element 


Europium 
(contd,) 


Gadolinium 


Gallium 


Germanium 


Gold 


Wavelength 
(A) 


Intensity 


550 3688-42 


550 4661-88 
420 
340 
320 


200 522-57 


2727-78 
2813-94 
2906-68 
200 2820- 
1o0 2802: 
160 6645- 
120 7370-2: 
110 3212: 
3768-3! 
3422 
3646 
3350 
3362-2: 
3796 
3850 
3358-62 
3545 
440 3743: 
440 4225 
$20 3852 
3549 
3654 


3813 


100 
550 
550 
440 
440 


400 
380 
360 
320 


300 


3850 
3100-5 
800 3656 
3687-7 
3439 
3463-4 
3783-05 
3664 
3712-7 
4078-7 
4053-6 


4058-2: 


300 
280 
280 
280 
260 
260 
260 
240 
240 
240 {098-6 
(4325-5 


240 
(4325-6 


: Energy levels 
Spect rum 
(em~!) 


445 

36,649 
35.527 

1669-23,774 
0-35,441 
1669-37 ,337 
11,128—-26,173 
10,643-: 


208 
116 
29,982 
,162 
,146 
29,353 
997 
29,045 
26,595 
25,960 


027 


999 


3082-2 
533--25,044 
999-25,.661 
215-3 

6605-30,997 

11,067-34,179 
533-23,644 


826-: 


009 


850 


2000) 


1200 


4172 
4032-4 
2651 
2709 
3039-06 
2754-59 
2675-95 


2427-95 


1410 
7125 
1410 


,788 
39,118 
37,452 
40,020 
37,702 
37,359 
41,174 


Term combination 


4f'6s 

4f76s* a 

4f76s 

4f76s 

if76s 

4f76s 

4f76s 

4f75d 

6s? a 

4f76s? a 

4f768 dd 
a Dey 
a? Dey 
a Ds) 
a Day 
a" Ds 
a Dg, 
a Dy, 
aD, 
Dsy 
a Ds, 

a 

1f76s Sd a! 
a Dey 
a’ Di, 
a 
a” Dy 
a Dey 
Ds, 
a ‘Diy 


a’ Dey 
a 
4f*6s*5d a * Ds 


34 


ida "Dg 
tf? 6s*5d a 
4f76s*5d a Ds 
a 
a’ Fa 
a "Ds 
4p! 
4s? 4p' * Poy 
4s? 4p? 

4s 4p? *P, 

is? 4p? 'D, 

is? 


6s! 


4f75d? 


0} 


6s! 


4f"6p 


2’Ps 
6p Po» 
4f°6s 6d y®P, 


— 4f*6s 6d y*P, 


4f*6s 6d y®P, 
6p 2°P, 
1085 
2°P, 
2°P, 
l 135) 
10653 
6p 2° Fy 
2° Foy 
2° Fey 
Dey 


4f*6d? 
4f76p 
4f*6p 


2*Dsy 
2° Dy 
Py 
2°F 
“Dy 
4f'6s Sd 6p y® Fy 
6p 2° Fy, 


5d Op z*P, 


bp 2° Dy 
4f*6s Sd 6p y®Ds 
jd 6p y*De 
Gp 
4f?6s 5d 6p 


47 5s! 2S 


0} 


4s? 5s! 
4s? 4p" 5s! 
4p! *Po 
ts? 4p! Ss! 
4s* *P, 
04 

6p! 


II 
II 
Il 
II 
II 
II 
II 
I 0 
I 
Il 633 
II 1935 
I! 1935 
II 1159 
II 633 
II 1159 
II 262 
II 0 
II 262-30 VOL. 
II 1159—-29,353 17 
I! 1159-27,865 196] 
I 1719-25,376 
Il 262-—26,212 
II 1935—30,101 2° Ds 
II 633-—27,988 2*P 
| Il 0-26,212 
Il 26,595 2° Fy 
Il 1935-34,179 sy 
II 1159-28502 2° P 
Il 2857-29,966 
I! 1935-—30,997 De, 
II 3444-32304 ay 
I 27,425 
Il 
II 
I 
I 
4 I 
II 
7 II 
I 
I 
I 
650 I 
340 I 
200 I 0 
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Table 2—(contd.) 


Element Intensity Spectrum Term combination 
(A) (em 

Hafnium 260 3399- II 29,405 | 5d! a *Dy, 5d! 6s! 6p! Fo, 
240 2866-37 877 | 5d? 6s? a 5d? 6s! 6p! y F's 

240 3072-88 533 | 5d* 6s? a 5d? 6s! 6p! 

220 2916- | 5d* 68% a FF 5d? 6s! 6p! 

220 2940: 995 | 5d* a OF 5d? 6s! 6p! w Fy 

220 3682-2 ,150 | 5d? 6s? a? 2 5d? 6s! 6p! Fo 

200 2598-26 23% 850 | 5d? 6s? a FP, 5d? 6s! 6p' Fy 

160 2964-88 2357-36,075 | 6s? a 5d? 6s" 6p" FG 
150 3561- 069 | 5d!) 6s? a 2 5d? 6s! 6p! 

140 2820-2: 3051-38,499 | 5d" 6s? a 

140 2904- $568-38,988 | 5d? 6s? a F 5d? 6s! 6p! v9 

140 2950-68" 2357-36,237 5d? 6s* a 5d* 68! 6p! 21 F3 
140 3505- 8362-36,882 5d? 6s 5d? 6s" 6p! z4* Dg, 

140 3777- 26,464 5d? 6s? a 5d* 68? 6p! Py 

140 3785- 30,977 5d? 6s? a 5d? 6s! 6p! AG, 

130 35,454 | 5d? 6s? a OF 5d? 6p' Fs 

130 3820-7: 30,733 | 5d? 6s? a °F 5d? 6p! Fy 
120 2638 -37,886 | 5d! 68? 6s! 6p! Dy, 

120 2641 46,209 5d? 6s 5d? 6p! "G54 

120 2954-2 38,408 5d! 6s? 5d? 6s! 6p! u* Ds 

@ 120 2980 33,538 5d? a F 5d* 6s! 6p) Ps 
17 120 3012 33,181 5d" 6s? a *Dyy 5d? 6s! 6p! 2* Dy, 
961 120 3016 33,136 | 5d! 6s? a *Dyy 5d* 68 6p" 2* Po, 


120 3057 37,27 68? a 5d? 68! 6p! a 
120 3569 34,355 5d? 6s a 5d* 6s! 6p! 24D, 
Holmium 1800 ¢ 3456 
1500 © 3891-0: 
1000 3796-7: 
1000 3810- 
1000 4103 
900 3398-5 
900 4053 
900 4163 
700 3484 
600 3416 
600 3474 
600 4045- 
480 4127 
460 © 3515 
360 3453 
360 cw 3748 
340 © 3888 
320 4108-62 
300 3861-6 
300 4040 
280 ¢ 3404 
280 4173-2: 
220¢ 3425°: 


220 ¢ 3428 


oor 


200 3854 


I 
II 
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Table (contd.) 


Wavelength Energy levels 
Intensi Spectrum combination 


\ 


1300) 325 2213 Dp! je? 2D 
7 33, Gs b OP Sd? Gs! Gp! 
340) 3133-2 324-38,230 Sd? 4 Fy, — Sd? 6s! Gp! 
Sed? Gs! Gp! 

Ge! tp! 
2840-7: 35, Ted? Gat Sul? Gs! 2 


i 
2664-7 37,515 Sd? Gsta Gp" 2 
2043-15 Ge Sul? Gs" Gp! 
2639-7 37.872 Sd? Gs" Gp" z 

160 id? 6s? a Gs? 6p! 

160 ( Ded Gs! Gp! 2° 

120 


tine 


x 


382 33.006 


25.000 
340 


320 


eee 


3d 
3 
3 
Se 
3d? 
3 
3 


~ 


260) 2488 
260) 2719 
240 
iM) 
He 


Indium 
Iridium 
4) 
} 
"3h 
‘3h 
is VOL. 
Iron 3734-87 I 6928-33,695 4p" wks 196] 
— 3581-20 6928 34,.844 3d? 4p! 
— 3719-04 I 026,875 4p' 2° 
a D, 48° 2 
3825-88 I 7377-33,507 Bd? 4p! 
3758-24 7728-34,329 3d? 4p" y Fs 
4045-82 I 11,.976-36,686 ist Py 3d? 4p! 
250) 2483-27 O-40,257 4s D, 3d* 4p) 2 
280 2522-85 I 39.626 4s Dy 4p! a D, 
: 02 I 36,767 3d® Dy 4s! dp! PS | 
ith I 704-27,395 402 dp! 2° 
sé I 8155-35,856 347 3d? 4p" 
35.612 37 401 a5} Bd? 4p! Gs 
I 7728-35,257 3d? OP, 3d? 4p! 
Lanthanum Il Gs a Op a 4 
72 I 0-24.463 PF. bp y'Ds 
78 i! 1971-28,315 a ipy*Ds 
74 I! 1394-24.463 Gs a! DP 
ee " be Gp y 
1156 
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Table 2 contd.) 


Wavelength Energy levels i 
Spectrum lerm combination 


(A) 


Element Intensity 


Lanthanum 40 4123-23 2592- 26,838 
(contd,) 360 3005-75 1394-26,414 
340 3871 1016-26838 
300 1042 7473-32,201 
280) 3759 1971-28565 
280 4031-68 2592-27 
280 4077 
220 3929.23 1304 S38 
200) 3337 3250-33204 
3380-4 2502-32.161 
200) $4240 IS95- 24,463 
Lead 3400 4057 10,650-35,287 
1400 3683 7T819-34,960 
PSO) 10,650 329 
950 2833 0-35,.287 
Lithium 3600 6707 0 004 
320 6103 14,904-31,283 
Lutetium 1200 2615 038,223 
600 2911-38 14,199 37 
500 3077 12,435 19 
3507-3 O-28.508 iw? aly bis 6p 
440 3281 1994-32,457 od =D, 32,457 


440 3359-56 1994-31751 Sd 6s* Dy, 68 6p 2F 3 


120 2804 14,199-48,.733 bd 6 6s Gp 


360 3312- 030,184 id 6s? * id 6s 6p * Dy, 
360 3376-5 0-29.608 Ga? 2 id 6s 6p 2 F's, 
340 h 3081 1994-34,436 § s* Dg, — 6s? Tp 
340 518-5 22,125 * 5d 68 6p 2D 


Magnesium 6000 2852-1: 35,051 3s? 1; 3s! 3p! 


35.761 3p! 2P 

Hoo 2802-7 35,069 3p! 
0 


48! 4p! 26 


Manganese 2000 1030-76 24.802 
1400 


& 
x x 


sim) 


som) 


H50 


~ 


0 


360 3806 
340 3569 
240 ? 3-43.37 3d 
240 3823-5 7 3429 3d* 4s! 
Mercury 1500 2536-5: 2 Gs? — 5d!” 6s! Gp! 
39,412-6: Gs! 6p! Ded!” Gs! 7 
Molybdenum 3200 3798-25 0 te 


386 O-25,.87° j 


3132-: | 


Py 
Po 
Fs 
/ Lie ‘1 
17 
961 
2593-73 Il 038,543 a "Ss 4p! 
2794-82 I 0-35,770 3d° “Sy, — 3d° 48 4p! Py, 
1034-49 I 0-24,779 as, 48) 4p! 
= 2798-27 I 035,726 a 3d5 451 4p 
550 2605-69 II 0-38.366 34°47 a Ss 3d° 4p) 74 2 
2801-06 I 0-35,690 8s, 3d° 48! 4p! y®P, 
1041-36 I 17,052 41.790  3d® 4s! ‘D, 3d* 4p) 
°F 
"Ds, 
Ps 
Fy; 
P; 
Jw) 

|‘) | 5s) als 5s! 5 7p 

1.013 5s! Spy? Ps 
L157 
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Table 2 contd 


Wavelength levels 


Energy 
Element Intensity Spectrum 


Term combination 


Molybdenum 3002-06 O-25.614 47° a 445 


(contd 3170-35 id® Ss' Sp! y "Ps 
ono 3193-97 31,300 4° a Ss y "Ps 
7 3158-16 0-31.655 a "Ss 5a? Sp! De 
10.768 28.024 a AS, 4/5 5p! : Ps 
3447-12 2.346-41,348 id* a Ds 41° 
3208-83 4 5s Sp' 2 "Dg 


240 


4143-55 
3384 
41588 
$411-57 
4411-7 
3.461 


2848-23 12,900-47,999 a*Dyy—4d* * Fay 
220 2871-51 12.417-47,232 5s a* Dy, - 


woo 


3358 
1381 
3112-12 032,123 Seta —4d* Se! 

034-46.614 id* a 4d* = * Fy 
160 2023-39 II 12,.417-46,614 a *Doy 4° 
160 3344-75 11,143-41,032 4d* a Dy, 4d° Fs 
160 3405-04 


7s4 


170 S581 


3624 


748 


160 3604-04 16,641-43,698 4d° a 4d* 5a! Sp'y 
lho 3833-75 12,.346.-38,423 a Ds Sp' z 
150 10,768 28,715 a 4d° *P, 
140 2011-92 Il 12,900--47,232 4d* 5s a 4d* 
140 2030-50 I! 12,034-46, 148 4d* 5s' a "Diy 4d* 
140 3233-14 I 16,784-47, 705 4d° 5a a lig 4d* 
140 3289-02 I 11,454-41,850 4d* a *De 4d5 y *Fs 
140d 3680-60 I 16,784 $3,946 4d° 5s' a lig — 4° hp" 
3680-68 I 16,785-43,946 4d® a — 4d® 
140 $232-59 I 16,748-40,367 5a! a ig — 2 
Neodymium 320 4303-58 I! 0- 23,230 
280 4061-09 II 3802-28,419 a = 
220 d (3863-33 Il O- 25,877 a 1745 
13863-40 II O25, 876 4f*6s a 4f*ip y "Hoy 
22 4012-25 5086-30,002 —4f*6p 2 *Ky, 
180 4040-80 II 1470-26211 a 186, 
4156-08 II 1470-25,52 a 4f*Gp z "Kes 
3805-36 Il 
4109-46 Il 2585-26,913 4f*ts a 4f*ip 


3784-2 
(3851 
(3851-7 

140 4177-32 513-24,445 *ly 2 


a 
Ps, 
4 17 
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Table 2—(contd.) 


Wavelength Energy levels 
Spectrum 
(A) (em~') 


Element Intensity Term combination 


Neodymium 120 3900-21 II 
(contd.) 120 3911-16 I] 
120 3941-51 II 
120 3951-16 Il 
120 4247-38 I! 
100 3838-98 I! 
3848-: Il 
3848-5 II 
100 3905-86 II 
90 3848-5: II 
85 3990 II 3802-28,857 4f*6s a 
3775 
3963-1: Il 3802—29,027 f*6s a 
$451-5 3067-25, if*isa "Te, 
5249-55 iI 7869 a * Le 
3889-03 
3890-58 II 
3890-04 II 
3901-84 Il 
5130-60 I] 10,517-30,002 a ‘Lies 
5293-17 II 6637—25,524 if*id a Lay 
750 3414-7 205-29,481 3d* 481 a 
3524-! 205 569 3d* 48' a *Dg 
600 S80-29,321 3d* a 
3410-31,031 3d*° 48' a Ds, 
29.501 a ‘Ds 
1713-30,619 3d*® 4s' a *D, 
205-29,084 48! a 
3410-31,442 a "Dy 
SSU-29, 588 48' a 3d* 4p! 
205-33,501 3d® 48! a — 3d* 48! 4p": 
3410-36,601 3d*® 48' a 3d* 481 4p! 
3410 982 3d* 48' a ' Dy 
205-29, 669 3d* a 
973 


25.680 jaa 


600 3619-34 

460 

460 

460 

440 3446-26 
320 2002. 
300 3012 
300 3380-5 
300 3392-96 
280 8050 

Niobium 1700 4058-5 

1200 4079 
700 4100-02 
600 3580-2 
550 4123- 
460 4152-: 
460 4163-66 
420 4164-66 
360 3791-2 
360 4168: 
340 3713-01 
280 3726-24 
280 3739-80 


205-32 
L050 
695-2: 
392-3 
1050 
154 
695 
154 
392 


200 


770 5s a Do, 
973 Sea 
‘Diy 
770 5s a * Dg, 
165 ‘Dy 
397 
420 De "Dy 
O85 5s a *D, 
1050-27975 
154—-26.983 "Diy 


695-27,427 5s a *Dgy 


to te bo te te to te to 


I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 


2% 
7% 
] 7 9} 
96] 
Fs 
Fs 
F's 
De 
‘Ds 
‘Ds 
‘Dy 
l Py 
‘Ds 
op y 
Sp y °F, 
Spy 
Spy 
5p y °F, 
Spy 
Sp y 
Spy 
Spy 
Sp y *Dyy 
‘Dy, 
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Table 2 ontd.) 


Wavelength = 
Intensity Spectrum lerm combination 


\ 


3798-12 hea *De, 
3802-02 jaa Day 
4130-71 jaa *D, 
jaa *D 
*Deg) 
$137 . *D, 
36.450 
3340 32 he? a ‘F, 
3358-4: 32.573 
bea 


jaa * Dag 


3742:: 
3787 
S607 
697 
3341 
3343-4 
3537 
140 3163 
140 37M 
Osmium 2000 
S301 
33,124 
23,403 
2 616 
5.316 
7.009 


380 
320 
320) 


SIS 
S04 
ol 
5.616 
280) 2714 S26 Gs? 
O16 Gs? a 
8743 Dd? a 
5144 200 Sed? 6s! a 
$159-28,.332 De® a 
5144 921 id? 6s' a 
5144 310 5d? 6s' a 


220) 2408 
220) 
220) $135 
2H) 2513 
2912-33 
3232 $159-35,000 Gs? a 
200) 3782-2 $159-30,591 6s? a 
2644 


2658 


0-37, 809 68? a 
5144-42, 747 id? 6s' 


H564-35,028 


Palladium 2000) 3404-58 


1160 


Niobium Sp a “Diy 
280) Sp * 
Op yy 
Spy" Ps 
240 Spy 
220 Sp ig 
200 Sp x gy 
Sp x 
Iso Op 2 
180 
jaa *Dy Spx 
Dea "Diy Sp "Th 
Dea Dp z D, 
isa Dp 2 Fs 
«a ‘DD, — Sp z 
js? a Dp a 
bs? a Sp x 
jsa Dp y 
Dea Op a V¢ L 
5s a Day ~ Sp x * Dy, 17 
6s? a ~ 6s OFS 196] 
6s? a Ds, Gs! Gp! 
68? a — 6s' Gp! TFs 
il? a OF, 6s! tip! 
Gs? a dD, Gs! tip! "Ps 
68? a Sd® 6s! 6p! z 7D; 
6s* a Dy 6s! Gp" "Ds 
Sd? a OP, Sd? Ge 
6s* a — 5d* 6s" Gp! Ds 
| 6s? a D, Sd® 6s" Gp! "Fs 
F, — 6s' Gp" F; 
D, bs! tp! Fs 
5d* 6s" bp? 
6s" Gp! "Ds 
48,756, 
— 5d? bp! 
F, 6s" 8G, 
D, — 6s? 6p! Ps 
D, 6s" Gp! Dy, 
D,— 6s' Gp! 
D, — 6s! Gp" 
I Sd" 6p! Ds 


@ 


17 
96] 


Relative intensities for the are spectra 


Table 2 


contd.) 


of seventy elements 


Element 


Palladium 


(contd.) 


Phosphorus 


Platinum 


Potassium 


Praseo- 


dymium 


Intensity 


2°00 
1400 
1300 
1300 
1200 
60 
3S 
320 
280 
200) 
180 
170 
160 
140 
130 
110 
900 
460 
340 
340 
320 
300 
2H0 
240 
220 
220 
200 
200 
170 
150 
140 
140 
130¢ 
130¢ 
130 
120 ¢ 
120 
120 
110 
100 
100 


Wavelength 


(A 


3634: 
3421 
S516. 
3553- 
3242: 
348 1- 
2535- 
2553- 
3064 
2659- 
2702: 


2733- 


70 
24 
OS 
70 
15 


28 


5 
O68 


2997-97 


2929-7 


2705 


2830-5 


2628: 


417%. 
4222 
$225 
S008- 
4062 
4143: 


14 


4180-5: 


4206- 
4054: 
4056 
3877 
008 
4118: 
4164: 
4408- 
3816- 


74 
D4 
06 
23 


71 


3964-8: 


3904 
3918- 
4141- 


4305-7 


BS50- 
3989 
4333 
4368 


3830-7 


3852: 


83 
72 
91 
33 
i2 


Spectrum 


Energy levels 


(em~?*) 


7755-35, 451 
H6564-34.069 
7755-36,976 

11,722-39,858 

6564-37394 
10,094-38,812 


18,748-58,174 


1649-25,5 
442-: 
2998-: 
3403-: 
4437 
2998-—: 
2998-26 
4$437-: 
1744 


3403-2 


4$42-: 

1649-: 
U-—Z2 


442-2: 

442-25 
4437-: 

442-23 


442-: 
1649-: 


‘erm combination 


a 
a 
a 
a 
a 


a 


a? 
a? 


a: 


4f*6s 
4f*6s a” 


a 


4f*6s a *J. 


a 5 
a ® 
4f*6s a” 


a 


a 5 


jp! 3 


Sp! Ps 
5p} 


Ds 


6p) 
bp! 
6p! 


7h 6p! 
6p! 
d* 6p! 
d* 6s' 6p! 
6p! 
105 
4p) 
OK, 
z °K, 
z° 
z*K, 
°K 
z° 
z 


2 
4f*tip 2 


4f%6p z 
4f*6p z 
4f*tip 


4f*6p 
z 


f*6p 


I 5s! 
| I 5s 
In 
I 5s! *D, — Sp) *P; 
I 5s! 1D, — Sp! 
I 5s! 8), — Sp! 
I 3s? 3p* — 38? 3p? 4s" 
= I 18,722-57,877 3s? — 3s? 3p? 481 2 Po, 
I 0-32,620 5d® 6s! a 8D, | ‘ 
I 037.591 68! a 2D, 74 
I 776-37,769 5d® 68! a 3D, — 
I 776-37,342 5d* 68! a 8D, by 
I 776-34,122 a 2D, 3 1 
I 034,122 68! a 
I 824-37,769 a FP, 
I 035,322 68! a *D, 
2719-04 I 824-37,591 682 a FF, 
I 776-38,816 68! a 
— I 0-12,985 3p* 4s! 
Il 60 a 
13 II 78 4f*6s a 
82 II 10 
16 
= 28 
— 61 
02 
22, 
II 
II 1.716 
17 
II 1.657 
83 I! 168 
II 578 
| II 660 
II 16, 
Il 716 
II 55 
Il 
Il 
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Table 2 (contd.) 


Wavelength | nergy levels 
Liement Intensity Spectrum rerm combination 
( *) 


Niobium 280 392-26.713 Sea Do Spa 
contd 280 695-26,.983 5s a Sp x Do, 
7 1050-25,200 op y °F 
{ 0-28,278 Ss a *D, Sp y 
240 
240 4137 (24, jaa *D, 
220 3004 1146-2 
3349 2154 
2) 3358-4: 2805 
Iso 3130-7 3542 
3742-35 
3787 154 
2927 
2050 4146-3 
SS 392—27 
2697 1225-3 
3341-07 1143-2 
3343-71 
3537-48 392-2 
140 3163-40 3030-5 
140 STOOLS 1050-27. bea * 
3058-66 682 a 
sow 3301 6s? a 
Dd? 68! a 
124 Gs? a 
463 6s? a 
16 Gs? a 
316 


7.000 


2838 
440 4200) 
380 
360 2637 
360 3752-5: 
320 3156-2 
320 3262-2 


320 3267 


382 
AIS 
SO40-00 


280) 2714-64 


5.616 
S26 
220 2408-41 
220) 2844-40 
220) $135-7 


20) 2513-: 


16 
756 
200 
921 
310 


2012 
2010-7 
00) 3232 


3782-2 


$159-30,591 
0-37,809 
5144-42747 


H564- 35,028 


180 2644 


Iso PHOS 


I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 


Palladium 2600 3404-58 
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| 
VOL. 
17 
°F s 196] 
"Fs 
°F, 
: "Ds 
"Ds 
ig 
a — 6s" Gp! Ds 
6s? a — 6s! Gp! "Fs 
Sd? a OF, — 6s! Gp! Fs 
5d® 6s? a OD, 6s! Gp! Fs 
Gs? a Ds, Ge! tip! "Ps 
6s? a Sd* 68! 6p! 
682 a dD, Gs! 6p! Ds, 
6s? a °D, 6s' Gp" 
5d? a OF, 18,7564 
id? 6s! a — Sd* 
6s? a °D,— 6s? 
5144 44 6s' a Sd? Gp' 
2 5144-42 hd? 6s! a — Gs! 6p! Mig 
7 4159 335 622 a Ds Gs? bp! Ps 
t} 687 a 8D, — 6s! bp! Ps 
6s? a D, — 68" Gp! Fs 
Sd? 6s' a OF ed? tip! Ds, 


Relative intensities for the are spectra of seventy elements 


Table 2—(conid. ) 


Wavelength | Energy levels 
Spectrum 


Element Intensity 
(A) (em~?) 


Term combination 


Palladium 2200 3609-55 7755-35, 451 5s! 5p! 
(contd.) 2200 3634-7 6564-34,069 5s! — 
1400 3421-2 7755-36,976 — Dy 
1300 3516- 7755-36. 181 ds! ip! 1 
1300 3553- 11,722-39,858 5s? 1D, — Sp! ‘Fs 
1200 3242. 6564-37. 304 5s! *D, — 5p! 
L100 3481-1! 10,094-38,812 5s! *D, — Sp' Fs 
Phosphorus 60 2535-65 18,748-58,174 38° 3p* 2 — 38* 3p? 4s) 
38 18,722—57, 3s? 3p* 2 Po. — 3s? 3p? 
Platinum 320 3064- 32,6: 6s! a 2D, 5d® 6p! 
280) 2659- 3758 6s! a — 5d* Gp! 
200 2702: 37.768 68! a — 5d* 6p! 
180 2733- 37,34: 68! a 8D, 
180 2907- 76—34.12: 5d® 68" a 8D, — 5d*® Gp! 
170 2929-7 34,12: 5d® 6s! a 8D, — 5d*® Gp! 
160 2705-88 824—37.76§ 5d ® 68? a — Gp! 
140 2830-: 35,32: 5d® 6s! a — 5d* 68! 6p! 
130 2719- 824-37, 5§ 68? a Gp! 
110 2628- 76-38, j 5d*® a 8D, 
Potassium 1800 3,04: 3p® 4s! 
900 2,985 3p* 4s! 28 
Praseo- 160) 4179-4: 1649-25, 565 a 
dymium 340 $222- 442-24,115 
340 4225-35 023,660 a 
320 3008- 2998-28578 
800 4062-8: 8403-28.010 ¢ 
260 ¢ 4100-7: 4437-28. 816 4f*6s 
240 4143: 2998-27 ,128 $f Gs 
220 4189-5: 2098-26, 861 4f*bs 
220 ¢ 4206: 4437—28,202 
200 4054- 1744-26,398 6s 
200 1056-5 5079—29,72 4f3 68 ¢ 
3082 3403- 28,509 « 
L180 3877-2% 


Zz 


x 


170 4008 a 4f*6p z 
4118: $42-24,716 4f*6s a —A4f*Gp z® 
4164 1649-25,657 a z® 
150 4408: 0-22,675 a °K 
140 3816- 

3064 $42-25,657 4f*6s a ~4f*6p 
130 4305-76 442-23,660 a — 4f*6p z ® 
120¢ 3850 

120 3980-7: $42-25.500 1 

120 4333 1649-24,716 a z® 
110 4368-3: 22.886 

100 3830-7: 

100 3852: 


1} 

‘ol 

4 

3 

3 

3 

3 
4 

96] 
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(contd.) 
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Element 
Praseo 
dymium 


(contd.) 


Rhenium 


Rhodium 


Rubidium 


Ruthenium 


loo 


10 


sim) 


S00 


260 


220 cw 


200 
160 
160 
160 


160 


140 
130 
120 
110 
110 


ll0c 


750 
700 
650 
500 
HOO 
480) 
420 
400 
400) 
100 
400 
360 
360 
8000 
1500 


1000 


Intensity 


Wavelength 


(A) 


3925-46 
3965-26 
$297-76 
4351-85 
3460-46 
3464-73 
3451-88 
3424-62 


2999-60 


3725-76 
227-46 


2887-68 
4513-31 
1880-14 
3338-18 
4136-45 
2428-58 
2092-36 
3067-40 
3342-24 
ma 
2508-99 
3691-48 
2065-76 
5270-95 
2715-47 
3184-76 
3185-57 
3204-25 
3692-36 
3528-02 
3434-89 
3657-99 
3700-91 
3462-04 
3502-52 
3597-15 
3856-52 
3396-85 
3799-31 
3470-66 
3474-78 
3583-10 
3596-19 
3323-09 
4374-80 
7800-23 
7947-60 
3728-03 


Spectrum 


Energy levels 


(cm ty 


1649 


1744 


11.754 
11.754 


23,632 
18.950 
11,754 


20,448 


20,448 


11,754 


20,448 


0 
16,327 
11,754 
23,632 
11,754 
18.950 
18.050 
16,307 
0 
1530 
1530 
1530 
2598 
3310 
5691 
5691 
3473 
3473 
1530 
2598 
1530 
5691 


25.468 
26,861 
23,261 
24,716 
28.800 
28,854 
28 062 
$0,946 
£5,083 
.164 
50.464 
$2,508 
16,374 
2.508 
20,448 
50.396 
35,923 
$1,164 
33,409 
32,592 
50,359 
18.050 
3YU.845 
43,409 
$5,463 
$2,598 
48.570 
50,341 
50,333 
47,507 
O75 
29,866 
29,105 
SOO 
28.543 
31,474 
28,543 
31,102 
31,614 
29,431 
32,004 
32,277 
32,243 
20,431 
30,397 
31,614 
28,543 
12,817 
12,579 


26,816 


Term combination 


4f°6s a 
a 
a 


« 5 
OS, 
2h 
Gs? 


Gs? 
6s! a 
Dd a "Day 
a 
jd 
Po, 
Dd 68! a "Dy, 
6s? a 
jd is! Gp! 2 "Pa 
fel 6 
5d* 6s' a Dy 


682 a "Soy 


6s? a "Soy 
a 
6s! 6p! 2 3) 
5d ® a 
68" a "Ss 


68! a 
5d*6s' a *D 
68! 6p! z 
68! a "Dy 
5d® 6s! Gp'z* Poy 


5d* Poy 
6s? 
68" a 

a Py 


a ‘Fy 
a ‘F's, 
5s a 
5s a 


if*6p z °H, 
= 


5 


6s! Gp! * PS, 


Gs! tip! D3, 
® y 54 


6s! bp! 2 
Ga" ¢ *D, 


41,1645, 
5d* 6s? 6p! z 


5d* 68? Gp! z *D; 
Gs! Gp! 8 P 
3 
5,46: 
6s! Ts? 88 
3 
48.570 
Gs! Gd! ¢ "Do 


5d ® 6s! Gd" ¢ Diy 


47, 50764 


100 II 
Gs! Gel! ¢ "Ds, 
Gs! Ts! ¢ “S93 
= Gs" ¢ "Ss 
| 0 
VOL. 
96 
: | 196] 
} 
| 
| 
| 
— | Sp = 
| 
bs att 34 Sp 2 
| bs a *Py Spz “Gey 
| js a ‘Fs; 5p “hay 
a op 2 
be a Pay Spz 
| *Dy- Sp s “Gy 
ja a Sp ‘Fay 
| bse a * F's, ip z * 
5s a ‘Fy ‘Py 
5p 2 
Sp 2 ‘Fy 
Sp 2 ‘Diy 
| Sp z 
ip 2 iy 
4p* 5s! 4p* 5p! 
0 4p* 5s! 4p* ip! *P 
4 5st a °F, —Sp'z °F, 
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Relative intensities for the are spectra of seventy elements 


Table 2—(contd.) 


Wavelength : Energy levels 
Spectrum 


(A) (er 


Element Intensity Term combination 


Ruthenium 850 3498-94 0-2 
(contd.) 800 3726-93 1191 
700 3593-02 2713-3 
700 3798-90 1191 
700 3799-35 0-26,: 
700 4199-90 6545-2 
650 3436-74 1191 
650 3589-22 3105-5 
650 3506-18 9()92-2 
650 3730-43 
600 3661-35 
550 3790-51 2092-2 
550 4080-60 
500 3428-31 0-2 
500 4212-06 6545-2 
500 4554-51 6545-2 
360 8786-06 2713-2 
340 4297-71 8084 
320 3417-35 2092 
320 3742-28 2713-2 
300 3634-9 2092-2 
300 25-92 0-25 
260 3745-5! 2,207-% 
220 372°: 7483-5 
Samarium 350 2 3910 
350 3592-60 3053-30, 4f°6s a 
3609-49 2238—29,93 4f*6s a 
3634-29 1489-28,98 4f*6s a 
3885-29 3910-29,6 4f°6s a *F 4f*6p 
{3739-12 
(3739-20 327-27 ,06: 4f*6s a * 
3854-21 
4424-34 3910—-26,506 4f*6s a 
3661-36 327-27 ,63 4f*6s a 
3670-84 838-—28,07% 4f*6s a 
3922-40 3053-28,5 4f°6s a 
3731-26 838—27,6% 4f*6s a 
4280-79 39 10—-27,262 4f*6s a 
4467°: 5318—27,696 4f*6s a 
3306-35 3910-34, 14! 4f*6s a 
3604-28 3910-31, 646 4f*6s a 
3621-25 838-28,44/ 4f*6s a 
3760 1489—28,07: 4f°6s a ® 
3928-2 1489-26,9% 4f*°6s a 
4118-5: 5318—29,5$ 4f*6s a — 
4318-4 2238-25,38: 4f*6s a — 4f*6p 
3728-47 5318-32,1: 4f°6s a Fey 
3735-98 2238-28,997 4f*6s a 
3793-97 838—27,188 4f°6s a Fo, — 4f*6p 


3797-73 


Ug 
Dg 
Gs 
Gs 
Fs 
Gs 
Dy 
Fs 
Gs 
Gs 
(4 
OLie F, 
17 D, 
96] He 
Fs 
"C74 
"(64 
“a4 
11565 
“G4 
565) 
9855 
“Gay 
‘ “7 
846, 
6264 
2874 
9734 
“C34 
6635 
11444 
3854 
1435 
7334 
120 II 
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Table 2 (contd.) 


Wavelength | Energy levels os 
Spectrum combination 


Element Intensity tA) 
Samarium 120 3826-20 II a 1274) 
contd 120 3843-50 Il 3499-29: a Fs, 1139, 
120 3806 II 327-235,$ a Fy) — 4f*6p 
120 4320-02 II 1480-2458: if*is a “Fo, — 4f*ip 245) 
120 1434-32 3053-255 
$2067 4021—27.: Fe — 4f*ts 6p 2 7G 
110 4390) 1489 24,257 a Fy) 
$433 3499- 26,046 a 4f*p 
110 4674 II 1489-22. 875 a Fy) — 4f*ip 
200) 3613 178-27, Bl! — Bed! 4p! 
2100 16s 407 a — 40! tp'y? 
3007 25.58) gt 3/1 dp'y? 
4023 
$246 
120) $572 
1200 


37,630, 

tie Gp y 
tis 

$1,355, 


2010 33° 40.333, 


1} 
2 
. 
! 7 
196) 
2 
St Il 17s 27 4e' Dp, 3d! 4p! °F, 
24,517 tp* ip* Sp My 
Tantalu I 2010 39.688  F, 30.688 
7 % 37,061, 
of 56-61 
180 2963-32 
28049 
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Relative intensities for the arc spectra of seventy elements 


Table 2 


(contd.) 


Element 


Tantalum 
(contd.) 


Tellurium 


Terbium 


Intensity 


140 
140 
140 
140 
140 
130 


120 


120 
120 
120 
loo 
loo 
loo 
ow 


40 
sim) 
340 
340 
$20) 
240 
240 
220) 
« 


Wavelength 
(A) 


2635-58 
2710-13 
2748-78 
2940-22 
3311- 
3626- 
{2526 
(2526 
2559 
2608-5 
2758-31 
2636-90 
2749-83 
3607-41 
2675-00 


27 75°88 


2065-13 
2065-54 
3318-84 


2385-76 


2142 
2383-2 
3500 


3702 


$324 
3676-35 
B561-7 
3848-7 
3874 
1526 
3050 
3703 


1033 
3508S 
SUSI 
3203 
3765 
38-45 
S001 35 
3523-06 
S850-20 


Spectrum 


Il 


Energy levels 


(em~?) 


1031-38,962 
3964-40, 851 
3964-40,333 

0-34.00] 
5621-35,813 
3964-31530 
2010-41 581 
3964-43,533 

0-39.060 
2010-39.060 
2010-38,253 
5621-43,533 
9705-46,061 
2010-29723 
4$416-41,775 

36.014 
2010-36580 

033,715 
2010-35,721 
2010-32, 132 
1751-46,653 

(46,053 


1707-46,653 


Term combination 


ig 
40,8515) 
40,3333) 
34,001.) 
35,8135) 
3 
y °F 9h 


13,5335) 


39,060.) 


39,0604, 


$3.53 34 
16,061. 
Ge op ‘} 14 
33,7156 


35,721 


32,1 3234 


| 6s! Fy 
6s? a 
I 5d? 6s? a ‘Fe, 
I 68? a — Gp 
I 6s? a ‘Fy 
I Sd? 6s? a * 
I 6s? a ‘Fe, 88 95! 
I 5d® a 
68? a ‘Fo, 
6s' a F, 
I hd? 6s? a ‘Fy 
I] i? a 
oo I Ga? a ‘Fy 
7 II 
II 
I! 
I! 
I! 
I! 
I! 
I! 
I] 
I 
I! 
1) 
II 
I! 
170 I! 
170 I! 
I! 
I 
I 
I : 
140 
140 I! 
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Table 2 (contd } 


Wavelength Energy levels 
Element Intensity Spectrum combination 


\) em 


3219 


Terbium 130 


(contd 120 3218-93 II 
120 3540-24 II 
120 3579-20 I! 
120 4061-59 I 
110 3285-04 I! 
d S711-74 II 
100 3755-24 II 
100 4144-46 II 

Thallium 2000 3519-24 I 7793-36,200 6s* Pay 6s? 6d! 
1800 5350-46 I 7793-26,478 Gp' — 6s* 7s! 
1200 ew 3775.72 I 0-26,478 6s? Po, 6s? 7 Soi 
3529-43 I 7793-36,118 6s? 6p' — 6d" 
440d 2767-87 I 0-36,118 bs? 6p! 6s? 6d! Diy 


300 4019 


2837-30 II 


rhorium 


95 3469-92 Il 4147-32.957 6d? 7s! a ‘Fs, Sls, 
3392-03 II 1522-30,994 6d? 7s! a 
3741-19 II 1522-28,244 6d? 7s' a ‘Fy, 6795 
90 4381-86 II 6700-29,515  Sf' 6d"7s'a 
80 4391-11 II 4490-27,257 Sf' a * 5f' 7s! Tp' 
75 3180-20 1522-32,957 a ‘Fy 813, 
75 4116-71 Il 6168-30,453 | Sf! 6d' a 1124, 
70 2832-31 II 4147-39443 6d*7s' a 1064, 
70 3351-23 II 1522-31,.353 6d* 7s! a ‘Fa, 6d! 7s! Tp" 
70 3402-70 II 
70 3434-00 II 1860-30,972 6d*7s' a 2] 2h 
70 3609-44 II 4113-31,811 7s? a 7795 
65 3256-28 II 
65 3262-67 II 6168-36,809 5f' 6d' a 1435, 
65 3291-74 II 6214-36,584 Gd? 7s! a Py 6d* Tp" 
65 4069-20 Il 6691-31,259 Sf' 6d' a ] 
60 3325-12 II 4147-34,212 6d*7s' a 849, 
60 3839-74 II 6700-32,736 6d' 7s' a ‘Ay 193, 
60 4108-42 II 4490-28,824 Sf! Ts? a Sf! Ts! Tp! ‘Py 
55 3188-23 II 1860-33,.216 6d? 7s! a ‘Py 82), 
55 3435-98 II 0-29,095 G6d' 7s? a Diy 699, 
55 3721-82 II 1860-28,721 6d? 7s' a ‘Dy 
50 3675-57 Il 1522-28,721 6d? 7s' a ‘Diy 
50 4085-04 Il 10,189-34,662 5f' Gd! Ts' a ‘As, 13055 
50 4086-52 Il 0-24,464 6d' a *Dy 5594 
4094-75 Il 0-24,.415 6d' Ts? a Diy 
nO 4282-04 Il 6168-29,515 Sf'6d'Ts' a ‘Hs, 
48 2870-40 II 1860-36.688 62 Te! a 6d? Tp! 
48 3078-82 4113-36,584 6d" 7s? a * Dy, ~ Gd! Ts! Tp! 
48d 56 II 4490-32,960 5f! 7s * Foy 1204, 
(3511-67 II 


3539-59 II 0-28,244 Gd'7s? a 6794 
(3617-02 II 15,305-42,944 a *H y 6d" 7s' Tp' 
(3617-12 II 


it 6 a*Dy 57%, 
VOL. 
196: 
45 
48d 
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Table 2—(contd.) 


Energy levels 


Wavelength 
Spectrum 
(A) 


Element Intensity Term combination 


Thorium 46 2747-16 II 0-36,390 6d' a 6d* Tp! 
(contd.) 46 3752-57 II 9238-35,879 | Sf! 6d! 7s! a — Tp" 
44 2565-60 Il 1860—40,826 G6d*7s' a Py 6d? Tp" ‘Dy 
44 3287-79 Il 1522-31,929 6d*7s' a ‘Foy 6d' 7s' "Diy 
44 3292-52 II 6700-37,063  5f' 6d' 7s! 1454, 
44 3334-61 Il 6214-36,194 6d*7s' a ‘Py 6d' 7s' Tp" 
44 3337-87 II 1860-31,811 7s' a 7795 
44 3358-60 II 1860—31,626 6d*7s' a Py 6d' ‘Dy 
44 4178-06 II 7332-31,259 | 5f' Gd'7s' a 1145, 
14 4208-89 II 6700-30,453 5f' Gd' a l 124, 
42 2692-42 II 0-37,130 6d' 7s? a 6d* Tp* ‘Dy 
42 3238-12 II 
42 3719-44 I 0-26,878 | 6d* 7s? a*F, 2687, 
42 3803-07 I 0-26,287 | 6d? 7s* a*F, 2628, 
42 3929-67 II 0-25,440 | 6d' a * Dy 
Thulium 800 3462-20 II 
750 3848-02 II 025,980 °F, 25,980, 
750 4094-19 I 0-24,418 4f'56s? * - 24,4184, 
700 3131-26 II 
700 4105-84 I 024,349 Fg, — 24,3494, 
OL. 650 3717-92 I 026,889 — 26,8894, 
17 650 4187-62 I 023,873 — 23,8734, 
96] 600 3425-08 II 237-29,425 — 29,425, 
600 3795-76 II 237-26,575 °F, — 26,575, 
500 3761-33 II 0-26,579 4 26,579, 
500 3883-13 I 025,745 25,745 45 
460 3441-50 II 
460 3453-67 II 237-29,183 4f*6s' 29,183, 
440 4203-73 I 0-23,782 4f?*6s? - 23.782, 
420 3744-07 I 0-26 701 4f'°6s? *F 5, — 26,701, 
100 3700-26 Il 237-27 ,254 — 27,254, 
400 3761-91 II 0-26,575 °F, 26,575, 
400 3887-35 I 0—25,717 * 25,717 


380 3362-62 II 
320 3701-36 II 0-27,009 °F, — 27,009, 
Tin 1400 2839-99 I 3428-—38,629 5s* Sp* *P, — 5s* Sp! 6s! 
1000 2863-33 I 0-34,914 §P, — 5s* Sp" 6s! 
850 3034-12 I 1692-34,641 5s* *P, — 
700 2706-51 I 1692-—38,629 5p! 6s! 
700 3009-14 I 1692-34,914 5s* Sp? *P, — 5s* 6s! 
Titanium 1000 3349-41 II 393-30,241 4s a* Py —4p z 
650 3998-64 I 387—25,388 4s°a y*F, 
600 (3361 21 Il 235 29,968 4s 2 
(3361-26 I 170-29,912 4s? a 
600 3653-50 I 387—27,750 4s? a —4p y 
550 3234-52 II 393-31,301 4s a *Fyy—4p 2 *F yy 
550 3642-68 I 170—27,615 4s? a *F, —4p y *G, 
550 4981-7: I 6843-26,911 4s a 4p y 
500 4305-92 I 6843-30,060 4s —4px*D, 
300 4533-24 I 6843-28,896 4s a®F, —4py ®F; 
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Table 2—(contd.) 


Wavelength Energy levels 


Element Intensity \ Spectrum Term combination 
(A) 


— 

3372 29,73 4p 

3383-76 29,5 

3989-76 25,23 sa’ tp 

3236-5 31, 4p 

3752-86 387-27,026 2a °F, —4p 

3958-2 

499] 

3635-46 27,499 

3981-76 25,107 

3948 25318 

3956: 170-25,439 

49909 6661-26657 

3349 4898-34.748 

3371 387—30,039 ; 
Tungsten 4008 2951-27890 6s! 6p" 

4074-36 

4204 


2951-26.230 6. ‘Ss, z 
2951-39,646 5d® 6s! a 7S, 39,6463 
29051-36.904 6 36.9045 
2951-36,874 6 Ss, 36,874, 

039,183 6s? a 39,183) 
2951-40,234 68! a 40,2344 
2951-39,720 6s! a 7S, 39,7204 
2051-30587 ul? 6 7 6s! tip' z °Ps 
2951-26,189 6 5d* 6s! z7Dg 
2951-40,583 6s 10,5834 


2951-38,259 S, 38,2593 


2044- 
2046-5 
2551-3: 
2681 
2718 
3617-52 
4302 
2656-5 
2951-37,466 37,466 
1830-45,869 5d* 6s? a OD, 45,8695 
6219-46506 5d* 6s? a 46,5065 
2951-29,139 6: 5d* 6p' 2° Fs 
2951-26,367 5d® 6s' a 7S, 26,3675 
3326-43851 id* 6s? a 43,8514 
6219-37,309 6s? a 37,3095 
6219-46,625 6s? a 46,6254 
3326-42,573 68? a OD, 42,573, 
1670-28,199 682 a 6s! Gp! 2 
2951-29,393 5d® 68! a 7S, — 5d* 6s' z 
3326—29,393 6s? a — 5d* 6s! Gp! 2 Pp. 
2459-% 3326-43975 68? a OD, 13,975, 
4102-7 6219-30,587  Sd* 6st a ® 6s! Gp! 
Uranium 3859-5 289-26,191 6d! 7s! 26) 
3854 
3670-07 915-28.154 5f* 6d! 2815) 


7 K 
4} 
3890-36 289-25,986 6d! 7s! Ley 2606) 
‘ Les 


2806 
2435 
248 1- 
3817 
4269-35 
2466 
3215-56 
2474 
2547- 
3768 
3780-7 


3835 


64 


4090-14 1749-26,191 Gd" 7s" 261 
3831-46 


6} 


VC L . 
17 
196] 
160 
150 
1168 
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Table 2—(contd.) 


Wavelength 
(A) 


Energy levels 


Element Intensity Spectrum Term combination 


(em~') 


Uranium 
(contd.) 


Vanadium 


140 
140 
140 
130 
120 
110 


950 
700 


700 
550 
500 
500 
420 
400 
400 
380 


360 


340 


3782-84 
3812-00 
3865-92 
3584-88 
4050-04 
3871-04 
4171-59 
3566-60 
3839-62 
3943-82 
3985- 

3701-55 
388 1- 

4042- 

4241-67 
3748-68 
3489-37 
3514-61 
4062-55 
4153-97 
4116-10 
2941-92 
3659-16 
3826-51 
2889-63 
3746-41 
4341-69 
3550-82 
3561-80 
3638-20 
3854-22 
3874-04 
3878-09 
3892-68 
3899-78 
4543-63 
4379-24 


3183-98 


4111-78 
4384-72 
3093-11 
3185-40 
3183-41 
3102-30 
3703-58 
4389-97 


4408-51 


3110-71 


289 
0 


2295 


26,717 


26,226 


0-27 
0-2 


1749: 
620-28,65 


3801 


5260-2 


3801 


0-25,938 


5260 


2968 
2425 
2220 
2153 
2112 


2809 


35,193 
29,418 
24,993 
24,830 
24,789 
34,947 


5f? 6d 7s! 
5f? 
5f* 6d! 7s! 

5f* 6d' 7 


if” 


bf? Gd! 7 


Gd" 7. 


gl 


5f* 6d! 7s? ® 


Gd? 7 


5 


Gd! Ts? 


5f* 6d! 7 


s! 


7s 


6d? 
5f? 6d! 7 


5f* 7 


6d! 


5f? 6d" 7 
5f* 6d! 7 
6d! 7 
5f* 6d! 7 


6d" 7s? 


5f? 6d! 7 


Gd? 7 
5f? 6d" 7 


bf? 6d" 7. 


4s! 


48? 


4s? 
4s! 
4s! 
4s! 
4s2 
4s! 
4s! 
4s! 
4s! 
4s! 
4s! 


5 


s! 


si 


gl 


gl 


5 


gl 


gl 
a 
a 
a 
a 


a 
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| | Li, — 267, 
I Le — 262, 
Le — 278, 
II 684 gy 
I . 2586 
95 I 0 SK. — 287, 
90 I 29.335 299, 
90 I 025,349 253, 
75 4585-30,342 — 3032, 
75 I 620-25,349 UK: — 253, 
75 II 4585-28,154 — 2815) 
70 II 
65 I 0-28,650 6d! 7s? — 287, 
65 I 0-28,444  5f? 6d' 7s* — 284, 
65 II 0-24,608 5f* 7s* 414, — 2465, 
65 I 0-24,067 6d! 7s? 240, 
60 II 0-24,288 Ts? — 2435, 
17 II 5527-39,508 K,, — 395? 
961 55 I 620-27,941 278, 
55 II 289-26,415 Ls, — 2646, 
50 I] 289-34,886 Ls, — 34954 
50 5527-32,211 — 322) 
50 II 289-23,315 Li, — 2334, 
48 Il 0-28,154 475, 2815, 
48 
48 I 312, 
46 I 259, 
46 
46 
46 II 30,942 | La, — 309, 
46 II 2295-27,930 Ks, — 2795) 
46 II 915-22,917 K,, — 2295; 
I 2425-25,254 —4p' y °F 
(I 323-31,722 ‘Fy, —4p' x 
0-31,398 ‘Fy, —4p' 
I 2425-26,738 ‘Dy -4p' y “Dy 
I 2311-25,112 °Dy—4p' y 
3163-35,483 —4p' 2 
I 553-31,937 a *Fy, — x 
I 137-31,541 a —4p' x 
II 1 ‘F, 4p' z 
I 1 4p' y 
I t Dy 4p" y °F 
(I a *Dy— 4p y 
= II a*F, —4p' 
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Table 2 


(contd, 


Element Intensity | 


Vanadium | 340 
(contd 320 
320 
320 
320 
280 
260 
240 
240 
220 
220 
220 
220 
3200 
2000 
340 
Iso 
140 
140 
130 


70 
65 
Yttrium | 1500 
1300 
1200 
1200 
850 
750 
600 
550 


140 


| Wavelength 


(A) 


4115-18 
2008-82 
2924 
3066-: 
3855- 
3840-7: 
4395-2: 
4408-2 
4128 
4132 
2024 
40040 
4105 
4407 
3604 
3987-4 
2891-: 
3464-36 
2970-5 
2750 
2653 
5556 
3031 
3454 
3478 
2404 
3710 
3600 
3774-3: 
4374 
3611 
3633 
4102-: 
4077-5 
4128 
3788-7 
3242-5 
3601 
4142 
3327 
3620 
3216 
3544 
2138-56 


3345 


Energy levels 


Spectrum 


(cm 


2311 


5 3 


553-2 


323-2 


2153 
999) 
2687 


2311 


1) 


26,605 
3163-2 
3163-% 


2153-2 


2311 


531 
,352 
33, 
i480 
1,353 


suv 
suv 
746 
$38 


506 


151 
605 
3506 | 
093 
062 


5.068 


857 


654 


7.765 


590.0900 


992 
982 


~ 


28,758 


1450-5 
29,214 
1045-5 


1450 


3206 


1045-2 
53: 
530-2 
S40: 
1450-3: 
S40-: 


3296 


3296-3: 


530-2 


1045 


1045-2 


32,890 


961 
04 
04 


532 
3, 147 
.730 
O17 
00 
19 


595 


131 
337 


124 


214 


745 


are 


hel 


apis 
6 


4f'* 


*Ps 


65? 


a 


4d! 


4d' 5 


4d} 
4d! 


4d! 
42} 
4d} 
4d} 


4d) 5 


4d' 
4d} 
4d! 
4d! 
4d! 
4d! 


je! 
5a! 


5s? 


= 
5s? 
5s! 
5s! 
5s! 
5s* 
Des 1 
5s! 


5 i 


3d?” 


4s) 4p' 


a 


5s? « 


Term combination 


‘Fy 
‘D3, 


fis! 6p! 
34,575)° 
28,857, 


33,6549, V L 


57,7654, 
9,0903, 
$2,982), 
1 
95,7024, 
410,564) 
Spt 
4d! Sp! 
4d! 5p! z 
Dy 
4d) 5p! z 
4d) 5p! z 
4d' 5s! ply 
4d 5s! Sp! y ay 
5s! Spl y 
4d* 
4d) 5p! 
4d 5p! 
4d‘ 5s! y 
4d 
4d" 5s! Sp'a* 
4d) Sp! 
4d) 5p! 


38 


Bd'® 4s! 4p! 


49! 4d! Dg 


L170 


17 
96) 


| I 4s' a4 "Dy 
II 4s'a °F, — 4p! 
II | 4s' a °F; 4p' 
I a 4p! 
| deta Apt y 
I | 4s2 4 y ‘Dy 
I 24 a y Py 
II a 4p" z 
I | 4s' 4 4p' y 
4s! a — 4p" y 
I | | 4s' a y 
I 4s'a ip' y 
I 4s! a tp' y 
I So 
| 0-34,575 st 
I iS - 
II | 21.418 * 
| 7 I | 
| 70 Il | 26,759 | 26,7595, 
Il | 30,224-58 30,2244, 
I So 
| 
a), 
II | | *D, 
II | a 
II 
II | a 1S» 
I | 
I 
I | a 
II | 227 
II 
| 1'Ds 
| I 0-24 
| I | * Dy 
a*Ds 
II Ma 
| = | I 62.777 | 
| 
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Table 2—(contd.) 


Wavelength Energy 
Element Intensity (A) Spectrum 


Term combination 
cn 


Zine 140 4810-53 32,890-53,672 3d! 4s! 4p! 481 581 38, 
(contd.) 

Zirconium 900 3391-98 1323-—-30,796 4d? 5s! P 4d? 
750 3438-23 763-29,840 4d? 5s) — 4d? z gy 
650 3496-21 315-—28,909 4d? 5s. a F 4d? z 

550 3601-19 1241—29,002 * 5s? 4d? 581 ax 

340 3556-60 3758-31 ,866 4d? 5p! 

340 3572-47 0—27,984 5 4d? 5p z 

320 3519-60 0—28,404 a 4d? 5s) 5p! 

280 3547-68 570—-28,750 "g — 4d? 5s! 5p! 

280 3551-95 763-—28,909 2 5, 4d? 5p? 

280 3835-96 0-26,062 5s? 9 — 4d? 5s! 5p! 

260 3863-87 570-26,444 5s? 4d? 5s! 5p! 

260 3890-32 1241—26,938 a F 4d? 5s! 5p} 

200 2678-63 1323-38,644 "43 — 4d! 5s! 5p! 

200 3279-26 763—31,249 2 Dy 4d? 

200 3481-1! 6468-—35,186 5s 4d? 

200 3576- 3300-31249 — 4d? 

200 4687- 5889-2721: 3 Dy 4d3 

190 3479-35 5753-34,485 5s 4? 

180 3613-10 315—27,! 4d? 

180 3614-7 2895-—30,5: 4d? 

180 86 570-28, 15 a 4d? 5: 

180 3891-38 1241-26,9% 5s? a 4d? 5 

180 2. 5541—30,087 5, 4d3 

180 81-22 5889—30,385 3 5s 5F 43 

180 227-76 5889-29535 5 oF, 43 

180 4239-31 5541-29,12: 5 413 


Here are listed the relative intensities, the wavelength in air, the spectrum (I or II), 
the values of the energy levels, and the term combinations. Symbols used in the 
intensity column have the following significance: c, complex, d, unresolved double 
line, h, hazy, w, wide. 

In this table (as well as in the complete tables) all energy levels are given in 
vacuum wavenumber units (em~'), for which the name Kayser has been proposed 
[34]. For all spectral lines explained as transitions between energy levels, this 
serves as a mutual check since the wavelengths in normal air, when converted to 
vacuum wavenumbers by a conversion table [35], will coincide within one unit 
with the difference between two energy levels. Furthermore, these numbers serve 
as an index to the term designation in Atomic Energy Levels [36] where electron 
configurations, quantum numbers, and magnetic splitting factors are given. 

A comparison of the excitation energies of any two classified lines may be made 
[34] W. F. Meacrrs, J. Opt. Soc. Am. 41, 1064 (1951). 

[35] C. D. Coteman, W. R. Bozman and W. F. Meccerrs, Table of Wavenumbers. NBS. Monograph 3, 2 

volumes (1960). U.S. Government Printing Office, Washington, D.C. 


[36] C. E. Moore, Atomic Energy Levels. NBS Circular 467, vol. 1 (1949); vol. 2 (1952); vol. 3 (1958). 
U.S. Government Printing Office, Washington, D.C. 
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by directly comparing their larger energy levels in Kaysers, and adding the ioniza- 
tion potentials in the case of lines from II and III spectra. This direct and simple 
procedure avoids the labor of converting all energy levels from Kaysers to electron- 
volts by means of the relation: | eV = 8067 K. 

Electron configurations and spectral term designations of quantum numbers 
are of unusual interest in the production of the strongest lines, or rates ultimes. 
According to well-known rules governing the relative intensities of lines in multi- 
plets, the strongest line arises from transitions between levels having the largest 
J-and L-values when AJ AL 1. Arule relating to raies ultimes was expressed 
[37] a quarter of a century ago as follows: “A rate ultime in any spectrum originates 
with a simple interchange of a single electron between s and p states, usually 
preferring configurations in which only one electron occurs in such states’. The 
above simple rules for the strongest lines appear to be valid for all spectra. 

In this paper, the lists of strong lines arranged in order of decreasing intensity 
for each element are given in Table 2. The complete lists are given in NBS 


Monograph 32 [33] 


icknowledqements——This investigation has extended over a period of 28 years, and represents a 
very considerable amount of intermittent labor contributed mainly by a relatively small number 
of individuals. The program was initiated by MEGGERsS and ScriBNer, the latter prepared 
diluted-element mixtures, electrodes and spectrograms, while the former identified wavelengths, 
supplied many line classifications, and estimated relative intensities of some 50,000 lines. In the 
production of the mixtures and the copper electrodes and spectrograms, valuable assistance was 


given by Harriet E. Brown. Corwiss contributed the copper calibration, the conversion of 


apparent intensities to radiant powers, and prepared the final tables. 


37) W. F. Meeoers and B. F. Scripyer, J. Research Natl. Bur. Stoendards 18, 657 (1934). 
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High-resolution Raman spectroscopy in the red and near infrared—II 


Vibrational frequencies and molecular interactions of halogens 
and diatomic interhalogens 


H. STaMMREICH, RoBERTO FOoRNERIS and YarRA TAVARES 
Department of Physics, F.F.C.L., University of Sio Paulo, Brazil 


(Received 15 May 1961) 


Abstract ~The Raman frequencies of a series of diatomic halogen and interhalogen molecules 
in the liquid state and in different solvents are reported. The measurements were carried out on 
spectra excited in the red and near-infrared spectral range by helium or rubidium radiations, 
and photographed under high or medium dispersion. The results are tabulated together with 
the values AG, as obtained from band spectra for the isolated molecules and with available 
data from infrared absorption measurements and from simultaneous transitions. In comparison 
to the frequenci s to be expected for the non-associated molecules, the observed values show a 
marked decrease, due to interactions between identical molecular species, or to solute—solvent 
interactions. Interactions of the latter kind lead, in some cases, to the formation of loose 
charge-transfer complexes with the solvent acting as donor, and, consequently, to a more 
pronounced change of frequency of the accepting halogen. The origin of still larger effects, 
observed on solutions in pyridine, is discussed. 


Introduction 

MAKING use of an experimental technique for the excitation of Raman spectra in 
the red and near infrared region, as outlined by one of us [1], we reported pre- 
viously from this laboratory the Raman frequencies of chlorine in the gaseous state 
| 2] and dissolved in carbon tetrachloride | 2, 3], of gaseous [4] and liquid [5] bromine, 
and of a solution of bromine monochloride in CCl, [3]. Recently we studied the 
{aman spectrum of liquid chlorine under high resolution [6], obtaining in this way 
the vibrational constants of the molecule with an accuracy of +0-1 em~'. All 
frequencies, as observed on the Raman spectra of pure liquids or of solutions, are 
markedly lower than the values of AG,,. of the respective molecular species which 
have been obtained from the analysis of band spectra, either in emission or in 
absorption. For that reason the correctness of some values, as reported by us 
previously, has been questioned |7]. However, it should not be overlooked that the 
high polarizability of the halogen molecules and, additionally, the dipole moment 
of the interhalogens might lead to molecular interactions and consequent changes 
of their fundamental vibration frequency, whose magnitude will depend on the 
molecular environment. Whereas the effect of intermolecular forces upon the funda- 
mental frequencies of light, non-polar diatomic molecules is small, as observed on 
the spectra of H,, N,, O, in the gaseous, liquid and solid state, larger frequency 
[1] H. StamMreicu, Spectrochim. Acta 8, 41 (1956). 

|2| H. Stammreicu, Osw. Sava and R. Forneris, Anaes acad. brasil. cienc. 25, 375 (1953). 

(3) H. Stammrercau and R. Forneris, J. Chem. Phys. 21, 944 (1953). 

H. Stammrercu, Phys. Rev. 78, 79 (1950). 

|5| H. Stammretcu and R. Forneris, J. Chem. Phys. 22, 1624 (1954). 


[6| H. Strammrercu and R. Forneris, Spectrochim. Acta 17, 775 (1961). 
[7| H. C. Marrraw, C. F. Pacnucki and J. Hawkins, J. Chem. Phys. 22, 1117 (1954). 


@ 
17 


H. Stammreica, Rospertro Forneris and YARA TAVARES 


shifts might be expected in the case of the halogens. Alterations of frequencies of 


the same order as found by us have been observed by KeTeLaaR and Hooce [8] 
on the simultanoeus transition spectra of bromine and iodine in mixtures with car- 
bon disulfide; analogous results are reported by HooGe [9] for iodine monobromide. 

Still larger effects may arise from charge-transfer interactions [10-12] leading 
to the formation of molecular complexes. In connection with the present study, 
the spectroscopic investigation of charge-transfer benzene—halogen complexes, as 
reported by Cotury and D'Or [13] and by D’Or et al. [14], is of particular interest. 
These authors observed in solutions of chlorine and bromine in benzene strong 
infrared absorption bands at 526 and 301 em~', respectively, as compared with 
the values 556-9 and 321-06 em~! to be expected for the non-associated molecules. 
The normally infrared-inactive fundamental vibrations of these nonpolar species 
become active in absorption through charge-transfer interaction with the non- 
polar solvent. The resulting benzene-halogen complex is formed by the donor 
action of molecules of the solvent; the infrared activity of the disturbed halogen 
molecule points strongly to an unsymmetrical orientation of the latter relative to 
the benzene ring {15}. It may be expected that the vibration frequency of the com- 
plexed halogen decreases, within certain limits, with increasing strength of the 
complex. This is confirmed by the study of the infrared absorption band of iodine 
monochloride in a large number of organic solvents, carried out by Person et al. 
(16]. In the extreme case, namely the pyridine—ICl complex, the frequency 381-25 
em~ 


. belonging to the isolated molecule, was found to decrease to 270-275 em~. 
In the following part of the present study, contined primarily to the spectral effects 
of weaker interactions, we shall discuss briefly whether the latter low frequency 
might vet be assigned to the complexed interhalogen, or whether it should be attrib- 
uted to another molecular species. 


No sharp line can be drawn between the effects of charge-transfer complexing 
in the more limited sense of that term, and those brought about by the intermo- 
lecular forces which are expected to arise from the overlap of the van der Waals 


spheres of action, either of identical species, or of solute and solvent molecules. 
It is well known that it is rather difficult, even for systems as simple as the fore- 
mentioned ones and as dealt with in the present study, to evaluate the individual 
contribution of different classes of molecular interactions entering in competition 
and affecting the vibrational frequency of the species under consideration. One may 
assume that in the case of nonpolar halogens in the liquid state quadrupole—quad- 
rupole, quadrupole—induced—dipole and induced-dipole-induced-dipole interactions 
contribute to a large extent to the intermolecular forces operating between identi- 
cal entities. The same should hold for interactions between halogens and non- 
polar, aspherical solvent molecules, whereas the absence of a quadrupole in 


A. Kerecaar and F. N. Hooar, J. Chem. Phys. 23, 749 (1955). 

N. Thesis, Amsterdam (1056 

S. Metomen, J. Am. Chem. Soc. 72, 600 (1950); 74, S11 (1952). 

E. Oncer, Quart. Revs. (London) 8, 422 (1954 

C. Lowever-Hicers and J. A. Porte, J. Chem. Phys. 27, 192 (1957). 

Couire and L. D'Or, J. Chem. Phys. 23, 397 (1955). 

D'Or, R. ALewarrers and J. Conus, Rec. trav. chim. 76, 862 (1956). 

S. Mutomen, J. Chem. Phys. 23, 397 (1955). 

B. E. W. A. Desxre and A. I. Porov, J. Am. Chem. Soc. 80, 2049 (1958) 
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spherically symmetric solvent molecules precludes the interaction of the first- 
mentioned kind. In the case of the interhalogens and/or of polar solvents the 
permanent dipole moments are expected to generate dipole-dipole and dipole— 
induced—dipole interactions, respectively. 

The study of small displacements of the fundamental vibrational frequencies 
of halogens and interhalogens caused by intermolecular forces requires measure- 
ments of fairly high accuracy. In the foregoing communication of the present 
series [6], hitherto referred to as Part I, we reported on the experimental methods 
found to be suitable for the investigation of Raman spectra excited in the red and 
near infrared spectral range by means of optical arrangements providing high 
dispersion and high resolution. Whenever feasible we applied those methods to 
the present studies; however, in some cases we had to use spectrographs of ex- 
treme high light-gathering power yielding, therefore, less exact data. 

It is the primary aim of the present paper to report on the results of these 
observations, omitting the description of instrumental details already given in 
Part I. On the other hand, it seemed advisable to postpone the discussion of the 
results and the conclusions to be drawn therefrom in terms of the pertinent molecu- 
lar interactions, awaiting supplementary data from further work actually in 
progress. 

Experimental and results 

At the very first it was our intent to carry out all frequency measurements 
on spectra photographed under high dispersion by making use of the instrumental 
arrangements described in Part I. In some cases this proved to be impracticable 
due to the chemical reactivity or to the low light transmittance of halogens and 
interhalogens in various organic solvents. ‘The first mentioned difficulty arose, 
particularly, in the study of solutions of Cl, and of interhalogens, CLX, in hydro- 
carbons. Despite the use of adequate filters, cutting off the radiations of wave- 
length shorter than that of the exciting line and frequent substitution of the 
samples by freshly prepared ones, we had to avoid long exposures. The high absorb- 
ancy of solutions of I, and of the interhalogens XI, even in the extreme red 
and near infrared, compelled us to study these molecules at rather low concen- 
trations. Moreover, the comparatively lower sensitivity of the photographic plates 
available for use in the 8000 A region, and the reduced light output of the rubidium 
lamps which were employed for the excitation of the Raman spectra in this region, 
had to be taken into account. Thus, in work carried out under one of the fore- 
mentioned unfavourable conditions the measurements were made on spectra of 
medium and low dispersion, recorded by means of the high light-power optical 
arrangements, also mentioned in Part I. In some cases, we had to resort to the use 
of a spectrograph equipped with a camera of the extreme angular aperture 0-7. 
Consequently the mean errors of the frequency measurements to be reported 
below are spread out between 0-1 and 3-0 em~!, depending upon the apparatus 
employed, the sharpness of the Raman shifts, ete. 

In agreement with the observations of PERSON et al. [16] reporting an increased 
broadening of the infrared absorption band of IC] with increasing strength of the 
solute—solvent complex formed, we noted that the Raman shifts of the investigated 


species usually become more diffuse with increasing displacement relative to the 
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vibration frequency of the non-associated molecule. Thus we were frequently 
unable to make the best use of the intrinsic effective resolving power of the employed 
instruments. As an example we mention the Raman spectrum of chlorine 
dissolved in benzene. Here the shifts belonging to the three isotopic species Cl,™, 
CCl and Cl,” are nearly as large as the frequency interval between them which is 
about 7-5em~'. We were not successful at resolving the isotopic displacements due to 


Br and Br* in either the spectra of Br, or of the interhalogens BrX. In the case of 


bromine the difference in frequency belonging to the species Br,”, Br’ Br*' and 
Br,"', as calculated from the reduced masses, is about |1-0cm~' the relative 
natural abundances being 1:2:1. The fundamental frequencies of CP’ Br” and of 
(}’Br*', present in equal quantities in the natural mixture, are expected to differ 
by 1-6 em~'. Despite these favourable ratios of abundance and the employment 
of instruments with a practical resolving power at least twice as great as required 
by the forementioned spacings, the observed lines were in all cases too broad to be 
resolved. It is very likely that the diffuseness of the Raman shifts of bromine 
and bromine-containing interhalogens is not only due to intermolecular forces but, 
in part, to the appearance of upper-stage bands of relative high intensity close to 
the shift corresponding to the fundamental transitions. 

The chemical reactivity of the fluorine-containing species prevented the in- 
vestigation of their spectra in organic solvents. The Raman spectrum of liquid 
chlorine monofluoride has been reported by Jones ef al. [17], that of gaseous 
fluorine has been observed by ANDRyYCHUK|18, 19]. NIELSEN and JONEs [20] studied 
the infrared vibration—rotation spectrum of gaseous CLF and obtained the vibra- 
tional constants of the molecule. For all fluorine-containing diatomic interhalogens 
these constants have also been reported from measurements of band spectra, in- 
cluding that of the chemically unstable iodine monofluoride [21]. 

In the following we relate the results of the present study dealing with the 
Raman frequencies of Cl,, C1Br, Cll, Br,, Brl and I, interacting with different solvent 


molecules. 


Chlorine 


In part I we reported the high resolution Raman spectrum of natural liquid 
chlorine; solutions of Cl, in carbon tetrachloride yielded a nearly identical 
spectrum. The observed Raman shifts belonging to the three isotopic species are 
extremely sharp and their frequencies are almost the same as observed for the 


pure liquid. As compared to the expected frequencies of the non-associated 


molecules the decrease is of the order of 1-5 per cent. 

Solutions of Cl, in benzene exhibited broad Raman lines, and the shifts corre- 
sponding to the three isotopic species were incompletely resolved. The fre- 
quencies of species Cl,® and CIC’, obtained from measurements of band centres, 
were found to be 532 and 525 ecm~ respectively. The infrared absorption maximum 


17) E. A. Jones, T. F. Parkryson and T. G. Burke, J. Chem. Phys. 18, 235 (1950). 
18} D. ANprycuvukK, J. Chem. Phys. 18, 233 (1950). 

19} D. ANprycuuK, Can. J. Phys. 29, 151 (1951). 

20) A. H. Nrevsen and E. A. Jongs, J. Chem. Phys. 19, 1117 (1951). 
L. G. Cote and G. W. Etverum, J. Chem. Phys. 20, 1543 (1952). 
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of Cl, in benzene has been observed at 526 em~'{13, 14]; the corresponding band 
is very large and the reported value has to be assigned, certainly, to the combined 


absorption of the two predominant isotopic species, present in the natural ratio of 


abundance 3:2. From our Raman measurements one might expect the maximum 


absorption to be at about 529 em~'. As compared to the value of AG, of the 


free molecule, the frequency of chlorine complexed with benzene is diminished 


by approximately Db per cent. 


All Raman spectra of chlorine have been excited by the helium radiation 
5875-6 A. 


Bromine monochlorids 


It is well known that pure bromine monochloride cannot be prepared, the 


compound being always in equilibrium with molecular chlorine and bromine. 


The equilibrium constant varies little with temperature. 


We studied the Raman spectra of mixtures of Cl, and Br, in carbon tetra- 


chloride and in benzene; due to the difficulty in preparing the mixture in the exact 


stoichiometrical ratio, chlorine was added in excess. Furthermore we investigated 


the Raman spectrum of a 0-5 M solution of Br, in liquid chlorine, corresponding 


approximately to 0-023 mole fraction of bromine. The Raman line of Br, was 


found to be absent in the spectrum of the latter samples, or appeared, but very 


faintly in strongly overexposed spectra; due to the large excess of chlorine in the 


mixture nearly the total amount of bromine reacts to form the interhalogen 


compound. 
The Raman spectra of the forementioned solutions were excited by the helium 


radiations 5875-6 and 6678-2 A: the observed frequencies are listed in Table 1. 


As pointed out above, the diffuseness of the Raman shifts prevented the observa- 
tion of the isotope effect due to the atoms Br” and Br*!. On the other hand the 


shifts belonging to the species containing Cl® and Cl” were readily resolved, except 


in the spectra of solutions in benzene. Thus the frequencies shown for Cl” Bi have 


to be regarded as the average values of species CBr” and Cl’ Br*!, and those for 
Cl’ Br as mean values of Cl’ Br® and CP’ Br*!, respectively. 
From measurements of band spectra the AG, , value of Cl’ Br is expected to be 


430 em~! [22]; however, more recent observations on the infrared absorption 
spectrum |7,23] indicate that the correct value 439-5 — 0-5 em~! should be accepted. 
As compared to the latter frequency the decrease in benzene solution is 5 per cent. 


lodine monochloride 


Analogous to the well-known violet and brownish solutions of iodine in differ- 
ent organic solvents, iodine monochloride forms red-brown and yellow solutions, 
the latter ones arise very likely from the formation of addition complexes between 
solute and solvent molecules which, in some instances, may dissociate ionically 
leading to conducting solutions. The pyridine-ICl complex, studied in infrared 
absorption by Person ef al. [16], belongs to the latter category and exhibits a 


{22| G. Herzpere, Spectra of Diatomic Molecules (2nd Ed.) Table 39. Van Nostrand, New York (1950) 
and references quoted therein. 
23) W. V. F. Brooks and B. Crawrorp, J. Chem. Phys. 23, 363 (1955). 
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broad absorption band around 270 cm~!. This value is in perfect agreement with 
the present observation of a Raman shift at 270-4 + 1 em-'. However, some 
doubts may arise with regard to the molecular species to which this vibration 
should be assigned. The AG,,. value of the free molecule IC] is 381-25 em. The 
forementioned authors attribute the frequency 270 em to the I—C| stretching 
mode in the pyridine—ICl complex, explaining the very pronounced decrease by a 
considerable contribution of the structure (PyI)*—Cl- to the total bond strength of 
the complexed interhalogen. This explanation is perfectly plausible: we believe, 
however, that the alternative possibility cannot be excluded, i.e. that the frequency 
270 cem~! belongs to the polyhalide ion ICI,~, or more likely to the grouping ICl,’ 
formed by reaction of the free or ‘“‘quasi-free”’ ion Cl,~ with ICl. Observations on the 
Raman spectra of polyhalogen complex salts in solution seem to come in support 
of the latter hypothesis. We found the Raman-active symmetric stretching mode 
of the ion ICI,~ in aqueous solution and in nitrobenzene to have the frequency 272 
em~! [24, 25] and 262 em~! [25], respectively. The Raman spectrum of all yellow 
solutions of IC] in polar solvents, as in methanol, acetic acid, etc., show a strong 
line in the same region. It is possible that the totally symmetric stretching mode 
of I1Cl,~ becomes infrared-active by the unsymmetrical orientation of the asso- 
ciated group ICl,°~ relative to the pyridine ring, just as happens for the charge- 
transfer complexes of Cl, and Br, with benzene. Thus the frequency 270 em~ and 
the activity of the corresponding vibrational mode in both the Raman and infrared 
spectrum seem to be compatible with its attribution to a stretching motion of the 
ICl, grouping in a molecular complex that may be written (Pyl)’* . . (1C1,)’ 

The spectra of the red-brown solutions of ICI, as well as those of [Br and I,, had 
to be excited in the extreme red and near infrared region, due to the low trans- 
mittancy of these species for visible radiations. The spectra were excited by the 
resonance doublet of rubidium 7800-2/7947-6 A, using six small hot cathode rubid- 
ium lamps mounted in a light furnace. Generally, it proved to be advantageous 
to weaken the latter line by means of a saturated aqueous solution of neodymium 
nitrate in 1-5 mm thickness, using for excitation only the line Rb 7800-2 A (52S, , 
5° P52) which has twice the intensity of the resonance line arising from the 5*P,,, 
level. We studied the spectra of iodine monochloride dissolved in carbon tetra- 
chloride, carbon disulfide and benzene; only the spectrum of the former solution 
was photographed under high dispersion in order to record the Raman shift belong- 
ing to the species Ci’I. The observed alteration of the frequency of iodine mono- 
chloride in benzene solution relative to AG,,. of the free molecule (381-25 cm) is 
7-7 per cent. This percent decrease is larger than the changes of frequency observed 
on the spectra of benzene solutions of the remaining halogens and interhalogens, 
pointing to the contribution of the high dipole moment of IC] to the total solute— 
solvent interaction. 


Bromine 
We reported previously the Raman spectrum of liquid bromine, excited in the 
near infrared by means of an argon lamp, and found the vibration frequency to be 


(24) H. Stammrerce and R. Forneris, Spectrochim. Acta 16, 363 (1960) (footnote on p. 364). 
(25) W. B. Person., G. R. ANperson, J. N. Forpemwa.t, H. and R. Forneris, J. Chem. 
Phys. In press. 


H. Stam™uretcu, Rosertro Forneris and YARA TAVARES 


pur JO jenbe jO po wns joods UOLPISUBL) (0) 
qo Wood Sut] JO 10) (ui) 
Jo [e my OD) 
St [g] enpea poqsodes Apsnotaesd ang (4) 


SUM YOM UT 1 Oe puw [2] OOF JO 
SLL 
MO] Japull winJjoeds peupeyqeo joy ul peqiod ay (a) 


| 


urna qoods wind poods 


°S 


joods najoods 


6-991 WOLO 
10z 
HO*HO WLLO 
LOZ ul WE 
LOZ Ut WEO-O 
ul WS-0~ 

snooses 


“SO 


Ut 
HOOO*HD ut 
ut 
ul 

pinby 


8-168 


puv Bagy “ALL ey jo somuonbouy 


> 
a 
-= 
aN 
VULe 
196] 
eieia 
| 
= ee be 
| & = = 
L180 


High-resolution Raman spectroscopy in the red and near infrared—II 


306-1 + 0-6 em~! [5]. We have repeated these measurements on spectra excited 
by the resonance radiation of rubidium as described in the foregoing, and have 
obtained the value 306-6 + 0-5 em~'. The combined results indicate the value 
306-4 + 0-5 em~', listed in Table 2, as being the most reliable. 

We recorded the spectra of bromine in a series of organic solvents, observing 
again the greatest decrease in the spectrum of the benzene solution. The Raman 
frequency found at 301 cm~ is in excellent agreement with the infrared value 
reported by D’Or et al. [14]. The percent decrease relative to the AG,, value 
321 cm~! amounts to 6-6 per cent. We also measured the vibration frequency of 
bromine in a saturated aqueous solution; due to the low molar concentration of 
Br, the spectrum could be excited by He 5875-6 and 6678-2 A. 

As already pointed out, neither liquid bromine nor the solutions investigated 
had Raman shifts sufficiently narrow to allow the lines of the three isotopic 
species to be resolved. The measured band centers should correspond closely to 
the vibrational frequencies of species Br™Br*!; hence the values shown in Table 2 
might be assigned to this molecule. 


lodine monobromide 

taman spectra excited by Rb 7800-2 A were taken of solutions of BrI in carbon 
tetrachloride and in benzene. Due to the high absorbancy of these solutions, even 
at 8000 A, the compound had to be studied at low concentrations, compelling us to 
use an optical arrangement of high light gathering power and to photograph the 
spectra under low dispersion. Thus the error of measurement of the frequencies 
listed in Table 2 may attain + 3 cm~!. The vibration frequency of the molecule, 
as observed on the spectrum of benzene solution, is 6 per cent lower than the AG, 
value of the non-associated species. Taking into account the uncertainty on our 
measurements, the true decrease may be between 4-8 and 7-1 per cent. 


lodine 

The violet and brown colour of solutions of iodine in organic solvents is gener- 
ally interpreted as arising from zero or weak and from moderate or strong 
solute—solvent interactions, respectively, the red colour of the benzene solution 
representing an intermediate case. The brown colour of solutions in oxygenated 
solvents, such as alcohol, ether and acetone, may be partly due to polyiodide 
groups whose formation is also favoured by small amounts of water present in 
these or other solvents. There exists a vast literature referring to the ultraviolet 
and visible absorption spectra of iodine in different solvents, and some infrared 
work on the changes of the vibrational frequencies of the solvent molecules has 
also been carried out [26]. MULLIKEN [15] has pointed out that effects of the latter 
kind, particularly in aromatic solvents, are expected to be rather small since the 
donor action is spread out over all carbon atoms of the ring system. However 
significant alterations in the vibration frequency of the complexed, or otherwise 
“disturbed”, iodine molecule may occur, analogous to those observed on the ben- 
zene complexes of Cl, and Br,. It seems that infrared frequencies of iodine in 


[26] D. L. Guusker, H. W. Toompson and R. 8. MuLuKEN, J. Chem. Phys. 21, 1407 (1953). 
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solution are not reported, probably due to the experimental difficulties of measure- 
ments in the 50 region. Thus significant information on iodine—solvent inter- 
actions might be provided by Raman spectroscopic observations. 

Violet solutions of iodine have a comparatively low transmittancy in the 8000 A 
region and had to be studied at small concentrations. Since the strong Raman line 
213 em~ of CCl, is nearly coincident with the iodine frequency we recorded the 

Raman spectrum of I, dissolved in chloroform, using an optical arrangement of 
high angular aperture which provided a spectrum of low dispersion. 

The spectrum of the benzene solution had to be recorded with the same spectro- 
graph; the Raman frequency of I, was found to be 201 + 3 em~, corresponding 
to a decrease of 5-8 per cent relative to the AG,,. value of the non-associated mole- 
cule which is 213-34 em~!. Due to the errors of frequency measurements on spectra 
taken under low dispersion the true value of the decrease may be between 4-4 and 
7-2 per cent. 

The transmittancy of brown iodine solutions in the 8000 A region varies con- 
siderably from solvent to solvent, but is always considerably higher than that of 
the violet solutions. Taking into account the following Raman results one might 
attribute the higher transmittancy of the former solutions to the varying equilib- 
rium conditions between weakly associated iodine molecules and polyiodide 
groupings. This may be concluded from the much lower absorbancy at 8000 A of 
solutions containing only the tri-iodide ion as compared to that of equimolar 
violet solutions of iodine. 


We recorded the Raman spectra of brown solutions of iodine in methanol, 
diethyl ether and dioxane, and found, rather surprisingly, in the three spectra sharp 


Raman lines at about 203 cm~', pointing to very loose associations of solute and 
solvent molecules. In addition, we observed in the above mentioned spectra a 
broad band around 120 em~"', tentatively assigned to the ion 1,~ or to the grouping 
1,’ and, therefore, not listed in Table 2. This attribution is based upon obser- 
vations on the Raman spectra of aqueous solutions of potassium tri-iodide and of 
tetramethylammonium tri-iodide dissolved in organic solvents which exhibit 
strong Raman bands between 109 and 113 em~. 

That the formation of strong iodine complexes, brought about through the 
donor action of the solvent molecules, does not always lead to brown solutions is 
demonstrated by the colour of the pyridine-I, complex. Whilst 0-2 M solutions 
of iodine belonging to the violet or brown type are almost opaque to the visible 
radiations, the pyridine solution at this concentration shows a bright red colour; 
0-05 M solutions are orange-red. The Raman spectra of such samples could be 
excited by the helium radiation 6678-2 A and recorded under fairly high dispersion. 
Two rather sharp bands of frequency 112-3 and 166-9 1-0 ecm~! were observed. 
The former has to be assigned, almost beyond doubt, to the free ion I,~ formed by 
reaction of the ionic structure (Pyl)*I~ with L,. The frequency 166-9 cm might 
be tentatively attributed to the I, molecule complexed with pyridine. However, 
the observed decrease in the frequency is much larger than in the charge-transfer 
complexes of chlorine or bromine with benzene which are formed, according to 
MULLIKEN [15], by the acceptance of the donor electron into an antibonding 
molecular orbital of the halogen. The strength of the resulting complex, as well 
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as the alteration in the bond strength of the accepting halogen will depend upon 
the respective contributions of the no-bond structure and the ionic structure 
Donor*—Acceptor~. Assuming proportionality between bond strength and force 
constant, the observed frequency change from 213 to 167 em~! would mean that 
the bond strength of iodine in the pyridine complex has decreased by 40 per cent. 
This rather drastic alteration suggests the alternative attribution of the frequency 
169 cm~' to a more complicated coordinate system. In analogy to the hypothesis, 
advanced in the foregoing discussion referring to the spectrum of iodine mono- 
chloride in pyridine, one might think of a complex such as (Pyl)’* . . (I,)° 
However, more data will be needed in order to establish the assignment in an 
unambiguous way. Nevertheless the observed spectrum points with reasonable 
certainty to the presence of two distinctly different molecular species in the 
solution of iodine in pyridine. 


Tables of observed vibration frequencies 


The results of the present work are listed in the fourth columns of Tables 1 and 
2, the first table referring to the chlorine-containing species and the second to the 
remaining molecules. Included are the Raman spectroscopic data on halogens 
and interhalogens as reported previously from this laboratory or, for fluorine and 
chlorine monofluoride, by other authors. 


The Raman frequencies are to be compared to the values available from measure- 
ments of band spectra, infrared absorption spectra and, in some instances, from 
simultaneous transition spectra. As a rule, the most reliable values of AG,,., re- 


ferring to the free molecule, are provided by the vibrational constants obtained 
through the analysis of band spectra, except the case of fluorine and of bromine 
monochloride. The absorption spectrum of F, in the visible and near ultraviolet is 
entirely continuous, not providing, therefore, any informations referring to the 
molecular constants of the molecule in the electronic ground state. The correct 
value of the fundamental vibration frequency of BrCl, though differing consider- 
ably from the result of the analysis of the band spectrum, is almost certainly that 
obtained by infrared measurements. The AG,,. values listed in the third columns 
of Tables | and 2 are the quantities w, — 2,x,. All are taken from HERZBERG’s 
Table [22] except that for iodine monofluoride. The vibrational constants of the 
latter molecule, as well as those of all other diatomic interhalogen species, have 
been tabulated by CoLe and ELvervu™ [21]. The data on the chlorine-containing 
molecules as given by Herzpere refer to the most abundant isotopic species. 
Taking into account the mass effect, we have calculated the AG,,. values of the 
remaining isotopic species; the corresponding data in Table | are listed in brackets. 
The data recorded by Herzpere for Br7*F and for [Br are probably the average 
values of species X Br* and X Br*!, respectively. 

The sixth column of Table 2 shows the frequencies of bromine, iodine and iodine 
monobromide in mixtures with carbon disulfide as observed in simultaneous 
transition spectra. The listed positive and negative values are obtained from the 
absorption maxima of frequencies + and — respectively, where v, is an 
infrared-active mode of the “solvent’’ molecule, generating the simultaneous 
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transition (in the above mentioned mixtures the antisymmetric stretching vibra- 
tion of CS, of frequency 1515 em"), and yr, is the fundamental frequency of the 
halogen or interhalogen. The disagreement between the values corresponding to 
the “Stokes” and “‘anti-Stokes” bands is probably due to the uncertainty of the 
value of y, in the liquid mixtures, possibly affected by solute-solvent interaction. 
However, it may be noted that the observed position of the “anti-Stokes”’ bands 
of the three molecules is in close agreement with the Raman results of the present 
study. 

The indications given in the second columns of Tables | and 2 refer to the state 
of the pure compounds and to the solvents used; the data relative to gas pressures 
or molar concentrations should be regarded as being only very approximate. The 
sources of data on Raman, infrared and simultaneous transition spectra are shown 
in the last columns of both tables; thorough references on band spectra are quoted 
by Herzpere [22], Cote and E_vere™ [21], and in numerous other spectroscopic 
tables on diatomic molecules. 


Conclusion 


The present work has been confined to the study of frequency changes of halo- 


gens in the liquid state, and particularly to those originated by weak solute—solvent 
interactions. The spectral effects of interactions of a more ‘‘chemical”’ character 
leading to the formation of strong complexes and, in some instances, to very large 
frequency shifts are under investigation, and will be reported in a subsequent paper. 
We think it advisable to attempt a thorough discussion of the present data 
jointly with the results of the forthcoming work. 

For the time being we shall but summarize the values at present available, 
of the vibrational frequencies of halogens and interhalogens observed on the Raman 
spectra of pure liquids and of benzene solutions. The frequencies of liquid chlorine, 
chlorine monofluoride and bromine show, as compared to the AG, values of the 
non-associated species, a decrease of 1-5, 2-0 and 4-6 per cent respectively. The 
frequency change of halogens and interhalogens in benzene solution is found to be 
5 per cent chlorine and for bromine monochloride, 7-7 per cent for iodine mono- 
chloride, 6-2 per cent for bromine, 6-1 per cent for iodine monobromide and 5-8 per 
cent for iodine; the values given for the two latter species are uncertain within 
the limits indicated earlier. One might infer from these numbers that the respec- 
tive interactions arise primarily from the polarizability of the molecules studied, 
and that the polarity of the interhalogens plays a less significant part in the 
reported effects. 


Acknowledgement—The writers wish to express their thanks to the Conselho Nacional de 
Pesquisas, Rio de Janeiro, for the support given to this work. 
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Uber die Anwendung der Mecke-Kempter-Gleichung zur Ermittelung 
von Assoziationsgleichgewichten 
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Physikalisch-Chemisches Institut der Universitat Leipzig und Organische Abteilung der 
Leuna-Werke, Leuna, Kreis Merseberg. 


(Eingegangen 5 Juni 1961) 


Abstract ~The interpretation of association phenomena of hydroxylic compounds based upon 
the validity of the Mecke Kempter equation 


in many cases revealed unsatisfactory results. The simplifying assumptions that all associates 


in a complex equilibrium system are formed by successive association of monomers where every 


step is characterized by the same equilibrium constant K, and that ny,, —> ©, may be considered 


only as a first approximation. On summing the finite series a relation can be derived which is in 


better accordance with experimental data A graphical method for the approximative deter- 


mination of different equilibrium constants for complexes of various sizes has been derived from 


the general equation 


" 
ne,’ I] K, 


The method is demonstrated in association studies of octanol-1, 2,2,4-trimethy Ipentanol-3 and 


n-capry laldoxime 


Dit Wasserstoffbriickenbindung hat wegen ihres grossen Einflusses auf die physi- 
kalisch-chemischen Eigenschaften vieler Verbindungen und Lésungssysteme seit 


langem Anlass zu zahlreichen experimentellen und theoretischen Untersuchungen 


gegeben. ‘Trotz der Vervollkommnung der experimentellen Methoden stimmen 


aber bis in die jiingste Zeit die von verschiedenen Autoren vorgeschlagenen 


Deutungen der beobachteten Assoziationserscheinungen oft nur sehr miaissig 
iiberein. 

In der Annahme, dass die assoziationsfihigen Molekeln in einem inerten 
Lésungsmittel als gekoppeltes Gleichgewichtssystem von Ubermolekeln unter- 
schiedlicher Zihligkeit angesehen werden kénnen, haben Mecke und Kempter [1] 
vor mehr als 20 Jahren eine Beziehung abgeleitet, die oftmals der quantitativen 


Behandlung solcher Assoziationsgleichgewichte zugrunde gelegt worden ist, obwohl 


sehr bald offenbar wurde, dass sie in vielen Fallen auch nicht annihernd erfiillt 
und nur als Grenzgesetz zu betrachten ist. Hierauf haben die Autoren selbst 
mehrfach hingewiesen. Die Ursachen hierfiir und die Grenzen der Anwendung 


dieser Beziehung sollen im folgenden am Beispiel einiger von uns in letzter Zeit 
untersuchten Oxime und Alkohole erneut diskutiert werden. 


(1) H. Kemprer und R. Mecker, Z. physik. Chem. B 46, 229 (1940). 


4—(20 pp.) L185 


K (1 x) 
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Fiir ein beliebiges Gleichgewichtssystem aus monomeren Molekeln und Assozi- 
aten verschiedener Zihligkeit gelten die folgenden Gleichungen: 


c= >} ne, (1) 
l 


(2) 


worin c die eingewogene (analytische) und é die ‘‘osmotisch wirksame’’, d.h. die 
auf die Teilchenzahl bezogene Konzentration bedeuten; n gibt die Zahligkeit an. 
Unter Einbeziehung des Massenwirkungsgesetzes kann dafiir geschrieben 


werden 


ne," I K,, (3) 


> K, (4) 


Detinitionsgemiss ist A, lund A, = c¢,/e,¢,-,(m > 2) 

Formal wird also angenommen, dass sich alle Assoziate durch Anlagerung von 
Monomeren bilden. Da stets Gleichgewichtssysteme betrachtet werden, fiir die 
jeder beliebige Aufbau- oder Abbaumechanismus zur selben Gleichgewichtsvertei- 
lung fiihrt [2], ist die Richtigkeit dieser Annahme fiir die Giiltigkeit von Gleichung 
(3) und (4) belanglos. Nimmt man weiterhin an, dass die Anderung der Anlagerungs- 
energie bei jedem dieser Teilschritte gleichgross ist, so werden auch alle Konstanten 
dieser Teilschritte untereinander gleich und Gleichung (3) kann unter Beriick- 
sichtigung von « = ¢,/c in folgende Form gebracht werden 


> n (Kex)"" (5) 


Fiir Kex < l undn-— © lisst sich Gleichung (5) weiter umformen 


1 d(Kex)" d{Kea/(l Kex)| _ 
d( Kez) d( (1 Kex)* 


Die Auflésung nach K ergibt die Mecke-Kempter-Gleichung 
%) (7) 


Sie wird allerdings meistens in reziproker Form geschrieben; fiir die folgende 
mathematische Behandlung ist jedoch Gleichung (7) bequemer, « kann leicht aus 
spektroskopischen Messungen bestimmt werden, indem man die Extinktion an der 
freien OH—Bande der Grundschwingung oder an einer Oberschwingung bei der 


Konzentration c misst und auf unendliche Verdiinnung extrapoliert. Es gilt dann 
2) R. Grvewt, Ann. N.Y. Acad. Sci. 60, 523 (1955). 
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a = e,/e,, und die Giltigkeit der Mecke-Kempter-Gleichung lasst sich leicht nach- 
priifen. Wenn cz oder ce, tiber \/x bzw. 4/e, aufgetragen wird, miisste sich eine 
Gerade ergeben. 

Aus der Ableitung dieser Gleichung lassen sich auch ihre Grenzen erkennen. 
Fiir die Bestimmung von c, wird vorausgesetzt, dass die Intensitit der ausgewerte- 
ten Bande der monomeren Molekeln nicht durch andere Banden iiberlagert wird. 
Die Richtigkeit dieser Annahme wird im Falle der freien OH—Bande der Alkohole 
bei 3630 cm~! von CoBURN und GRUNWALD [3] bezweifelt, da ihre Halbwertsbreite 
konzentrationsabhingig ist; dieselbe Beobachtung wurde auch von uns bei der 
Untersuchung von stellungsisomeren und verzweigten Octanolen [4] gemacht, 
wihrend die Halbwertsbreiten der friiher untersuchten Octanonoxime [5] konzen- 
trationsunabhingig waren. Ausserdem ist diese Bande bei einigen von uns unter- 
suchten Alkoholen z.T. mehrfach aufgespalten; die Intensitit dieser Einzelbanden 
zeigte nicht die erwartete Konzentationsabhingigkeit. Dieselbe Erscheinung 
beobachteten auch FLYNN et al. [6] bei der Untersuchung der freien OH—Bande an 
einer grésseren Zahl von Alkoholen. Demnach kénnen die «-Werte besonders bei 
héheren Konzentrationen mit schwer abschitzbaren Fehlern behaftet sein. 

Die von MecKE vorausgesetzte Gleichheit der Konstanten diirfte nur bei der 
Anlagerung von Monomeren an bereits bestehende lange Ketten erfiillt sein. Viele 
Autoren fiihren jedoch einleuchtende Griinde dafiir an, dass die niederen Assoziate, 
etwa bis zu den Tetrameren, zumindest teilweise als ringférmige Molekelverbin- 
dungen vorliegen. Fiir stirker konzentrierte Lésungen nimmt PRiGOGINE [7] auf 
Grund thermodynamischer Untersuchungen an, dass die Assoziate kaum als lange 
Ketten, sondern eher als 2- oder 3-dimensionale Gebilde vorliegen. Bie der Vielfalt 


der méglichen Assoziationstypen kénnen demnach gleiche Assoziationskonstanten 
nur als grobe Niherung angesehen werden. Abb. 1 und 2 zeigen die Mecke 
Kempter-Diagramme von Octanol-1, 2,2,4-Trimethylpentanol-3 und n-Caprylal- 
doxim. 


Daraus geht klar hervor, dass die Mecke~-Kempter-Gleichung fiir diese Verbin- 
dungen nicht erfiillt wird. HorrmMann [8], der solche Untersuchungen an verschie- 
denen Alkoholen durchfiihrte, fand ebenfalls Kurvenformen, die denen des 
Octanol-1 entsprechen und folgerte aus ihrem steilen Abbiegen nach unten im 
Bereiche geringer Konzentrationen, dass dimere Assoziate entweder iiberhaupt 
nicht vorliegen oder ihre Bildung stark benachteiligt sei. Demnach miisste die 
entgegengesetzte Kriimmung der Kurven beim 2,2,4-Trimethylpentanol-3 und 
beim n-Caprylaldoxim als bevorzugte Bildung dimerer Assoziate gedeutet werden. 

COGGESHALL und Sarer [9] sowie SAROLEA—MaTuor [10] haben gezeigt, dass 
die Kriimmung in vielen Fallen verschwindet oder zumindest stark vermindert 
wird, wenn man die Assoziationskonstante K, fiir die Bildung von Dimeren bei der 
Ableitung der Mecke und Kemprer eliminiert und nach einer anderen Methode 

3) W. C. Copurn und E. Grunwatp, J. Am. Chem. Soc. 80, 1318 (1958). 

4) G. Getsecer, J. Fruwert und E. Srécker, Z. physik. Chem. (Frankfurt) N.F. im Druck. 
5) G. GetseLcer und J. Fruwert, Z. physik. Chem. (Frankfurt) N.F. 26, 111 (1960). 

6) T. D. Fry~y, R. L. Werner und B. M. Granam, Australian J. Chem. 12, 575 (1959). 

7) lL. Pricoorne and A. Deray, Chemical Thermodynamics. Longmans, Green, London (1954) 
8) E. G. HorrmMann, Z physik. Chem. B 53, 179 (1943). 


9) N. D. CogersHat und E, L. Sater, J. Am. Chem. Soc. 73, 5414 (1951). 
[10] L. Sanoi#a-Maruor, Trans. Faraday Soc. 49, 8 (1953). 
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Abb.'1. Mecke—Kempter-Diagramm fiir Octanol-1 und 2,2,4-Trimethylpentanol-3 bei 30°C 
(O-—Octanol-1, @—2,2,4-ol-3). 
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Abb. 2. Mecke-Kempter-Diagramm fiir n-Caprylaldoxim bei 40°C. 
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bestimmt. Die Mecke-Kempter-Gleichung ist dann wie folgt zu erweitern: 


p | 
ca. | p + 


t kK, K, = Bildungskonstante fiir Dimere 

— K K Bildungskonstante fiir alle hGheren Assoziate 

Sie geht fiir A, = A wieder in die urspriingliche Mecke-Kempter-Gleichung tiber. 
Abb. 3 und 4 zeigen, dass die Kriimmungen der Kurven nach dieser Erweite- 

rung beim Octanol-l und beim n-Caprylaldoxim praktisch verschwunden sind. 


0,20 


p 


Abb. 3. Modifiziertes Mecke-Kempter-Diagramm fiir Octanol-1 bei 30°C. 


Damit ist der oft sehr wesentliche Einfluss unterschiedlicher Assoziationskonstanten 
bei den niederen Assoziaten anschaulich bewiesen. 

Weiterhin beruht Gleichung (6) auf der zweifellos nicht zutreffenden Annahme. 
dass Assoziate bis zu beliebig hoher Zahligkeit gebildet werden (xn — «). In der 
Literatur herrscht aber weitgehend Ubereinstimmung dariiber, dass in verdiinnten 
Lésungen der max. Assoziationsgrad rasch einem Grenzwert zustrebt. EUCKEN 
fll] nahm fiir Alkohole einen max. Assoziationsgrad von = 8 an. Fiir 
Oxime fanden und Fruwert [5] und unabhangig von ihnen Luck | 12], 
dass kaum héhere als trimere Assoziate gebildet werden, wihrend Smirx und 
Creirz [13] bei der qualitativen Untersuchung des Assoziationsverhaltens ver- 


zweigter Alkohole die Bildung von Dimeren als obere Grenze annahmen. Es bleibt 
also zu untersuchen, inwieweit sich die effektive maximale Zihligkeit (n = 2 bis 8) 


| A. Evexen, Z. Elektrochem. 52, 255 (1948). 
| W. Lueck, Z. Elektrochem. 65, 355 (1961). 
F. A. Smrru und E. C. Crerrz, J. Research Nat. Bur. Standards 46, 145 (1951). 


[12 
[13] 
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gegeniiber dem Grenzwert n-— > o auf die Giiltigkeit der Mecke-Kempter-Glei- 
chung auswirkt. Summiert man, was in jedem Falle richtiger ist, iiber eine endliche 
Reihe, so gilt anstelle der Gleichung [6] die Beziehung 


l l (Kex)"{1 + n(l — Kex)] 


(1 Kex)? (9) 


Abb. 4. Modifiziertes Mecke—Kempter-Diagramm fiir n-Caprylaldoxim bei 40°C. 


Fiir héhere Assoziate ist Gleichung [9] jedoch unbequem zu handhaben. Es ist 
deshalb vorteilhafter, sie wie folgt umzuformen: 


— y[a(l — (10) 


mit = (Kea)"{l + n(l — 


Gleichung (10) stellt eine korrigierte Form der Mecke-Kempter-Gleichung 
dar. Kennt man K und » wenigstens annaihernd, so kann der Fehler z mit dem 
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die Mecke-Kempter-Gleichung wegen %,,,, < © behaftet ist, zum mindesten 
gréssenordnungsmissig berechnet werden. Abb. 5 veranschaulicht die Grésse des 
Fehlers x in Abhingigkeit von Kex = y und ,,,.. 

Aus Abb. 5 geht weiter hervor i dass der Fehler x im wesentlichen durch die 
Grosse von y bestimmt wird; x nimmt mit wachsendem y zu weil dann die Reihe 
langsam konvergiert. Mit zunehmender Konzentration c wird « kleiner, das 
Produkt ca aber grésser und damit auch der Fehler x. Mit zunehmender Verdiin- 
nung werden zwar y und kleiner, was einer Annaherung an die Mecke-Kempter- 
Gleichung entspricht, andererseits nimmt aber dann die maximale Zahligkeit » 


max. 


1,0 


"max. 


Abb. 5. Einfluss von y Kea und nmax. auf das Korrekturglied x. 


ab, wodurch der erste Effekt teilweise kompensiert wird. Allein diese Fehler- 
betrachtung erklirt qualitativ einen S-férmigen Kurvenverlauf. Bei hédheren 
Konzentrationen wird der Fehler durch die langsame Konvergenz der Reihe, bei 
niedrigen Konzentrationen durch die grosse Abweichung von n von dem ange- 
nommen Grenzwert ”,,,, — © verursacht. 

Abb. 6 zeigt ein solches korrigiertes Mecke-Kempter-Diagramm fiir 2,2,4-Tri- 
methylpentanol-3 bei 30°, bei dem aus sterischen Griinden die Assoziation im 
wesentlichen nicht iiber die Bildung von Dimeren hinausgeht. Die in Abb. | 
ersichtliche Kriimmung ist durch diese Korrektur fast verschwunden. Damit sind 
die wichtigsten Ursachen fiir die hiufig beobachteten Abweichungen von der 
Mecke—Kempter-Gleichung geklirt. Die so erreichte Linearitit bildet allerdings 
noch keine Gewihr dafiir, dass damit die wirklichen Assoziationsvorginge im Sinne 
des Massenwirkungsgesetzes richtig dargestellt sind, denn auch die korrigierte 
Mecke—Kempter-Gleichung liefert nur einen geometrischen Mittelwert aller 
Konstanten. Ebensowenig sagen die letzten Endes nur aus der konzentrations- 
bedingten Intensititsinderung der freien OH—Bande ermittelten Konstanten etwas 
iiber die Struktur der vorliegenden Assoziate aus. Fiir alle méglichen Assoziate 


max 
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gleicher Zaihligkeit kann man auf diese Weise somit nur eine gemeinsame Kon- 
stante bestimmen. 

Nimmt man an, dass die max. Zahligkeit der Assoziate verhaltnismissig klein 
ist. dann ist es in vielen Fallen vorteilhafter, Gleichung (3) wie folgt umzuformen 


3 
K, + ~ K,Kyex + 2K,K,K,(ex)* +... (11) 


Wird (1 x)/2cx? gegen cx aufgetragen, so ergibt der Ordinatenabschnitt Ky. 
Sind keine héheren Assoziate vorhanden, so muss sich eine zur Abszisse parallel 


fir 2,2.4-Trimethylpentanol.: 


(10 


verlaufende Gerade ergeben. Liegen ausserdem noch Trimere vor. so ergibt 
sich eine geneigte Gerade, aus deren Steigung A, errechnet werden kann. Fehlen 
dimere Assoziate, so wird der Ordinatenabschnitt 0. Sind héhere als trimere 
Assoziate vorhanden, so ergibt sich eine nach oben gebogene parabelfirmige 
Kurve, aus der durch ein- oder mehrmalige graphische Differenziation prinzipiell 
weitere Konstanten bestimmt werden kénnen. Abb. 7 bestadtigt. dass im unter- 
suchten Konzentrationsbereich 2,2.4-Trimethylpentanol-3 im wesentlichen nur 
Dimere und n-Caprylaldoxim Dimere und Trimere bilden. Die Kriimmung der 
Kurve beim Octanol-! lisst erkennen, dass noch héhere Assoziate vorliegen 

In den Abb. 8—10 ist die so ermittelte quantitative Verteilung der Assoziate im 
untersuchten Konzentrationsbereich dargestellt Beim Octanol-l wurden nur 
die Konstanten A,, A, und A, bestimmt; die Bestimmung héherer Konstanten 
ist zwar durch fortgesetzte graphische Differenziation prinzipiell méglich, jedoch 
werden diese Werte zu ungenau. Dennoch gibt Abb. 8 eine anschauliche Vorstel- 
lung tiber die Verteilung der Assoziate. Eine gewisse Kontrolle der graphisch 
bestimmten Konstanten erhalt man, wenn Gleichung (3) mit 100/c multipliziert 
wird. Auf der linken Seite steht dann die Gesamtkonzentration, ausgedriickt in 
100 Prosent, auf der rechten Seite die prozentualen Anteile der einzelnen Assoziate. 
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x 10°*(Alkohole) 


4a—(4 pp.) 


20 445 10°5(Oxim) 
ca 


a)/2ex 


Abhangigkeit fiir Caprylaldoxim, Octanol-1 und 2,2,4-Trimethyl- 


pentanol-3, (O—Caprylaldoxim, @—Octanol-1, 2,2,4-ol-3). 


Monomere 


0,50 
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Abb. 8. Verteilung der Assoziate in Octanol-1l bei 30°C. 
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Obwohl bei den primaren Alkoholen A, < Ay, ist, lisst Abb. 5 erkennen, dass 
unsere Messergebnisse nicht auf das Fehlen von Dimeren hindeuten. Das Assozi- 
ationsverhalten wird bei allen drei untersuchten Verbindungstypen im untersuchten 
Konzentrationsbereich im wesentlichen durch die ersten drei Konstanten bestimmt, 


mo la 


» wet 4 


ertedlung der Assoziate in 2,2,4-Trimethylpentanol-3. 


6 


moi/t CCle 


Abb. 10. Verteilung der Assoziate in Caprylaldoxim bei 40 ¢ 


so dass sich die Annahme von Ubermolekeln mit hoher statistischer Zahligkeit 


nicht nur eriibrigt, sondern sogar trotz scheinbarer Befoleung der Mecke Kempter- 


Gleichung zu einer unrichtigen Beurteilung der wirklichen Assoziationsvorginge 
fiihren kann. Andererseits sind die Ergebnisse unserer Untersuchungen aber auch 
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unvereinbar mit der von Ens und Murray [14] und Saunpers und Hyne [15] 
geiusserten Ansicht, wonach Alkohole in verdiinnten Lésungen neben monomeren 
Molekeln nur ein einziges trimeres oder tetrameres Assoziat bilden. 


Zusammenfassung 
Die nur beschrinkte Anwendbarkeit der Mecke-Kempter-Gleichung zur 
Charakterisierung von Assoziationsgleichgewichten hydroxylhaltiger Verbindungen 
ist darauf zuriickzufiihren, dass sie einmal alle Gleichgewichtskonstanten zwischen 
jedem beliebigen Assoziat und den Monomeren gleichsetzt und zum anderen auf 
der maximalen Zihligkeit n,..—- « aufbaut. Unter der Beriicksichtigung der 


Tatsache, dass n,.... x ist, lisst sich eine Beziehung ableiten, die besser mit den 
Versuchsergebnissen tibereinstimmt. Eine graphische Methode zur angenidherten 


Bestimmung von unabhangigen Gleichgewichtskonstanten fiir Ubermolekeln 


verschiedener Grésse wurde aus der allgemeinen Beziehung c > ne’ I] K 
l l 


gewonnen. Am Beispiel des Assoziationsverhaltens von Octanol-1, 2,2,4-Tri- 
methylpentanol-3 und n-Caprylaldoxim wird die Brauchbarkeit dieser Methode 
dargelegt. 


14) A. Ews und F. E. Murray, Can. J. Chem. 35, 170 (1957 
15| M. Saunpers und J. B. Hyne, J. Chem. Phys. 29, 1319 (1958 
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Abstract High-resolution infrared-absorption studies on thick films of CO, and on dilute solid 
solutions of H,O in CO, have been made at 53°K and at 4°K. A spectroscopically observable 


complex between CO, and H,O is not formed. The isolation of H,O in the CO, matrix at 53 K 
1 


is quite good. Monomer and dimer absorptions have been assigned in the 1600-1650 em 


region. In very thick films of pure CO, r, appears, weakly, at 53°K. In samples deposited at 
4°K the », absorption is markedly intensified, probably because of an increased number of 
erystal imperfections, and 2r, is also observed. Similar systems of lattice vibrations have been 
observed in combination with both rv, and rg. 


Introduction 


INFRARED spectroscopic study of dilute solid solutions of H,O in CO, has been of 
interest because of the potential reactivity of this pair. It was thought that a 
systematic study of thick films of these solutions at low temperatures might give 
spectroscopic evidence for the existence of an H,O:CO, complex. 

The infrared spectrum of crystalline CO, at 83°K was investigated by OsBERG 
and Hornie{1}, who found their observations in accord with the group theoretical 
predictions for the face-centered cubic (7',") structure of the CO, unit cell. Their 
observation of a lattice frequency of approximately 110 cm~' associated with v, 
was confirmed by Dows |2], who observed a system of lattice absorbtion peaks in 
combination with v, at 82°K. 

Previous studies of dilute solid solutions of H,O in N, at 20°K by Van THIEL et 
al. |3| have permitted assignment of details in the structure of the H,O absorbtion 
in the 3500 and 1600 em~! regions to various polymeric species of H,O. 

The present work confirms these spectroscopic observations and, in explaining 
several features of the spectra of CO,: H,O mixtures, adds further details to them. 


Experimental details 
A detailed description of the cryostat used for these measurements has been 
given by Jacox and HEXTER [4]. 
All spectra were taken on a Beckman IR-7 spectrometer, using the double 
beam mode of operation. This grating instrument, capable of 0-5 em~ resolution 
* This research was supported in part by the United States Air Force through the Air Force Office of 


Scientific Research of the Air Research and Development Command, under contract AF 49(638)542. 
Reproduction in whole or in part is permitted for any purpose of the United States Government. 
’. E. Ospere and D. F. Hornia, J. Chem. Phys. 20, 1345 (1952). 
{. Dows, S pectroc him. Acta 13, 308 (1959). 
. Van Tuer, E. D. Becker and G. C. Prmentec, J. Chem. Phys. 27, 486 (1957). 
. E. Jacox and R. M. Hexrer, J. Chem. Phys. 35, 183 (1961). 
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in the 650-4000 cm~' range, is estimated to have a frequency accuracy of + 1 em} 
under the conditions of the experiments here reported. Purging of atmospheric 
H,O and CO, from the spectrometer and from the sample compartment is so 
efficient as to yield a flat background with the cryostat in place. 

The CO, used in these experiments was Matheson Bone-Dry Grade. Mass 
spectrometric analysis has shown it to be of high purity; accordingly, it was used 
with no further purification except repeated condensation at 77°K followed by 
pumping to remove traces of non-condensable gas. Spectroscopic evidence for 
traces of H,O—estimated less than | part per 2000—necessitated further drying of 
some samples by seven-fold passage through a column packed with P,O, and Pyrex 
wool. The sample was then allowed to stand in contact with the P,O, for approxi- 
mately 1 hr. This treatment removed all spectroscopically detectable traces of 
H,0. 

In some experiments a sample of approximately 3 mmoles of CO, enriched to 
59-5°, CO,, obtained from Merck and Co. Ltd., was used. 

In preparing CO,:H,O mixtures care was taken to ensure homogeneity of the 
gaseous sample. A needle valve was used to regulate deposition. The CsBr cryostat 
window was maintained at 4°K when the coolant was liquid helium, or 53 + 3°K 
when the coolant was solid nitrogen pumped on by a Welch 1397 mechanical pump. 
A typical deposition (5-8 mmoles of gas mixture) required approximately 90 min. 
Satisfactorily transparent deposits could be made both at 53°K and at 4°K, 
although it was not possible to prepare sufficiently thick films of high mole ratio 
for comparing samples equimolar in H,O. Since a deposit of sample can generally 
be observed on the CsBr window mount, it is not feasible to estimate the thickness 
or uniformity of the films. 


Experimental results 
The main sequence of experiments involved spectral scans from 600 to 4000 em 
of solid solutions at 53°K, with CO,:H,O mole ratios varying from 100 to 1400. 
The major features of these spectra agree well with those reported by OsBerG and 
Hornig [1], plus the [v, + lattice] absorption described by Dows [2]. In 
addition, a weak absorption appears at 1386 cm~!, and a sequence of H,O peaks 


appears in the 1600 cm~' region. Typical spectra of this region are shown in Fig. 1. 
The absorptions above 3000 em~!, contributed by both CO, and H,O, are exceed- 
ingly complex and are often somewhat obscured by the high scattering of thick 
deposits in this region. They will not be interpreted here. 

The nature of the 1600-1650 em~! absorption has been clarified by further 
experiments. Since there is no absorption in this region when thick films of very 
dry CO, are examined, all of the detail must be assigned to H,O absorption. A 
sample of CO, not subjected to further drying and observed at 53°K showed a 
single peak at 1615 em~!. This single peak was also observed in a 460 mole ratio 
sample deposited at 4°K. Experiments have also been performed on several 
CO,:D,0 mixtures at 53°K. Because of the difficulty in completely eliminating 
adsorbed H,O, some exchange occurred, and both HOD and D,O absorptions could 
be observed. The analogous triplet for D,O in CO, has peaks at 1187, 1191 and 
1195 em-!, with an intensity distribution similar to that for H,O in CO,. HDO 
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peaks are observed at 1415, 1422 and 1427 em~!; the 1415 cm peak has a second- 


ary maximum at 1417-5em~'. An observation of the 1600 cm~ region in a sample 
of CO, enriched to 59-5°%, 18CO, and containing an unknown amount of H,0O as an 
impurity showed no frequency shifts in its 1600-1650 em~ absorption peaks. 


T 


Absorption 


— 


Cm" 


» = H,O in CO, at 53°K 
(a) CO,:H,O 1400; 5 «moles H,O. 
(b) CO,:H,O 660; 13 4 moles H,O. 
(ec) CO,:H,O = 100; 64 moles H,0. 


Fig. 1. v, 


From these experiments it seems clear that CO,-H,O interactions are not a 
major factor in determining the structure of the 1600-1650 em= absorption. The 
persistence of the central (1615 em~*) peak in the undried CO, sample and in the 
deposition at 4°K permits its assignment to monomeric H,O units in the deposit. 
CO, at 53°K does not appear to isolate H,O completely even at the 1400 mole 
ratio. Nevertheless, its isolation efficiency is comparable to that found by Van 
Ture et al. [3] for H,O in N, at 20°K. The 1610 and 1621 em peaks have been 
assigned to dimeric H,O units. In contrast, in N, at 20°K the monomeric H,O 
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absorption was found at 1600 cm~! and the H,O dimer absorptions at 1615 and 
1620 cm~'. Polymeric units contributed a broad peak at 1633 em~!. In our experi- 
ment at 100 mole ratio the broad polymer peak appears at 1645 em~!. It is not 
significant at mole ratios above about 200. It is tempting to assign the low intensity 
1610 em~ peak to a CO,-H,O complex, preserving the sequence observed by VAN 
Turer et al. However, the persistence of similar triplet structure for CO,:H,O 
and CO,: D,O rules out an O,C-—OH, interaction, which might occur near 1600 em~. 
(NewMaNn [5] has observed very intense absorption from »,, the assymetrie (—O 
stretch in crystalline sodium formate, at 1620 em~'.) Moreover, in the observation 
at 4°K a CO,-H,0 absorption should persist, while H,O-H,O absorptions should 
be removed by the more effective matrix isolation. Assignment of the 1610 and 
1621 em~! peaks to rotation of H,O in the CO, lattice is precluded by an experiment 
in which a sample deposited at 53°K was cooled to 4°K with no change in the 
intensities of these peaks relative to the 1615 em~! absorption. Therefore, the 1610 
and 1621 cm~! peaks have both been assigned to dimeric H,O. Unfortunately, the 
inaccessibility of the OH stretching region in the CO, matrix spectra leaves insuffi- 
cient data for consideration of the structure of the dimer/(s). 

A weakly absorbing peak at 1386 cm~! appears in all the spectra of thick CO, 
films deposited at 53°K. It was at first tentatively assigned to an H,O—CO, com- 
plex. However, in carefully dried samples of comparable thickness deposited at 
4°K this absorption is intensified fourfold, and a weaker absorption at 1280 cm~ 
appears. When the 59-5°, }°CO, sample is carefully dried and deposited at 4°K, 
these features are joined by a peak at 1370 cm~! with somewhat greater intensity 
than the 1386 cm~! peak in this mixture, plus an absorption at 1258 em~! that is 
barely above the instrumental noise level. These spectra are shown in Fig. 2. The 
1386 cm~! peak corresponds very well with the observed value [6], 1388-3 em~', of 
the Raman-active »,-'*CO, (gas). Also, the 1280 em~! peak appears to correspond 
to the Raman-active 2»,-"CO,(g) at 1285-5 em™'. As is well known, Fermi 
resonance occurs between these two modes. Similarly, the absorptions at 1370 cm~! 
and at 1258 em~! in the }°CO, enriched samples may be contributed by »,-'°CO, 
and 2y,-!°CO,, respectively, in Fermi resonance. 

Some attempt has been made to study the », and 2», absorptions as a function 
of temperature. They did not appear to intensify in a sample deposited at 53° Kk and 
cooled to 4°K, although technical considerations necessitated warming this sample 
to 77°K at the start of the cooling process, with an appreciable increase in scattering. 
It has not been possible to warm up deposits made at 4°K without the onset of 
continually increasing scattering. 

Several possibilities appear for explaining the intensification of these normally 
inactive absorptions in thick films deposited at 4°K. First, it is important to 
question the crystallinity of the deposit. While the nature of such deposits is far 
from having been completely elucidated, evidence for an appreciable degree of 
crystallinity is given by the sharpness of the fundamentals in thinner samples, 
by the agreement of their multiplet structure with that predicted on the basis of 


[5] R. Newman, J. Chem. Phys. 21, 1663 (1953). 
[6] G. Herzperc, Molecular Spectra and Molecular Structure—II. Infrared and Raman Spectra of 
Polyatomic Molecules p. 274. Van Nostrand Princeton (1945). 
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the CO, erystal structure, and by the observation of systems of lattice vibrations 
in combination with », and yz. 

The appearance at very low temperatures of a crystal phase in which y, and 
2v, become infrared-active seems improbable. Such a phase must have the CO, 
molecules at sites of considerably lower symmetry than those at 77°K, which 
appears thermodynamically unlikely. Gravgve and EGan [7] have obtained a 
smooth specific-heat curve for solid CO, between 15 and 190°K. Using the Debye 


| | T 


(a) 


Absorption 


1250 
Cm"! 

Fig. 2. y, and 2y, absorptions in dry CO, 

(a) CO,, 53°K. 

(b) CO,, 4°K. 

(c) 59.5% C#0O,, 4°K. 


extrapolation from 0 to 15°K, they obtained excellent agreement between their 
experimental entropy values and the spectroscopic values at 194-67°K and at 
298-1°K. Their observations are substantiated by the constancy of the lattice 
combination frequencies in experiments at 53°K and at 4°K. Moreover, it could 
hardly be said that », and 2y, are more than weakly activated even in the 4°K 
deposits. 


Conceivably, contraction of the crystal may bring the molecules sufficiently 
close to make important interactions more complex than those of the simple dipolar 
model. However, contraction of the sample deposited at 53°K should have pro- 
duced intensification of y, and 2y,, which was not observed. 

The most likely explanation seems to be that samples deposited at 4°K. while 


(7) W. F. Graveve and C. J. Eoan, J. Chem. Phys. 5, 45 (1937). 
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still essentially crystalline, may contain a sufficiently greater number of imper- 
fections than in the 53°K deposits to account for the observed intensities. Quite 
possibly, molecules deposited at 53°K can rearrange on the film surface to form 
H,O aggregates and more perfect CO, crystals, while molecules deposited at 4°K 
““stick’’ where they first strike. Support for this explanation is added by a modest 
intensification of the 1386 cm~! absorption at 53°K in moist CO,, as well as in CO, 
containing CH,N, and other solutes. Rapid deposition at 53°K also has been found 
to produce a slight intensification. 


(vp) 
780 740 
T T 


Absorption 


‘ 
to 657 Cm" | 


@ 


2345 
2400 


Fig. 3. Lattice systems associated with v,-CO, and y,-CO,, referred to the respectiv: 
fundamental frequencies. 


Lattice combinations with »,-CO, and »,-CO, were prominent in our spectra. 
OsBerG and Hornic [1] noted the relatively intense lattice combination with 
y,-CO, but did not study it under sufficiently high resolution to show its detailed 
structure. Dows |2], using a thicker film, found a structured lattice combination 


with »,. Typical spectra for both of these combinations are shown together in 


Fig. 3, in which they are referred to a common origin at the peak of the correspond- 


ing fundamental absorption in a thin film of the solid, and are summarized in 


Table 1. Correspondence between the (v°""-s") frequencies for these two funda- 


mentals is generally within the experimental error for such broad absorptions. 
However, there are some differences in the intensity distributions in the two lattice 
systems. Dows found it possible to demonstrate maxima 63 em~! and 2 « 63 em~! 


above the lower (653 cm~') component of the »,-CO,(s) doublet and, hence, pre- 


ferred 653 cm~' as the origin. 657 cm~' is chosen here, as this is the frequency of 
v.-CO, diluted sufficiently with CO, to remove the splitting. 

The |», + lattice] spectrum reported here agrees very well with that of Dows. 
Also, the general detail of the |v, + lattice 


absorptions are similar but not identical 


1201 


700 
| 
17 | 
96] 
vs | 
| | 


Marityw E. Jacox and E. 


Table 1. Lattice combinations with the fundamentals of solid CO, 


657 em™!) 2345 
obs 


(em™') 


2408 
2426 
2435 (w) 
2445 (w) 
2449 
2459 
2471 


to those of »,. The possible splitting of each lattice maximum for r,, corresponding 
to the splitting of », in the crystal, has not been observed. 


Summary 
CO, and its mixtures with small quantities of H,O give thick, reasonably trans- 
parent crystalline deposits both at 53°K and at 4°K. A system of lattice vibrations 
appears in combination with both rv, and vz. 
A spectroscopically observable complex between CO, and H,O is not formed. 
Compared with N, at 20°K, CO, is a satisfactorily isolating matrix for H,O at 53°K. 
Monomer and dimer peaks can be assigned to H,O in the 1600 em region. 


Weak absorptions have been assigned to »,-CO, and 2y,-CO, in deposits made 


at 4°K. », also appears, more weakly, at 53°K. This weak activity may well be 
induced by crystalline imperfections. 
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obs Obs 
= 2 "3s 
(em™') (em™!) (em~!) 
717 60 63 
732 75 8! 
750 93 
760 103 
104 
770 113 
781 124 126 
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ERRATA 


Report of Meeting: Symposium on Molecular Structure and Spectroscopy 
Vol. 17, Nos. 9/10, p. 1092. 


. 1093 The Franck-Condron principle and the 3600 A system of CO,: For 
CO, read ClO, 


For Session E read Session F 


Rydberg absorption series of CO, converging to the “II,, state of CO, : 
For *II,, read 


Intramolecular excitation transfer splitting in the » —- x* transitions 
of the diazines: For p read a, 
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Abstract 


chloride-d, have been studied and a vibrational assignment has been made on the basis of an 


The infrared and Raman spectra of acetyl chloride, acetyl chloride-d, and acety! 


approximate normal-co-ordinate calculation with a Urey—Bradley field. It is proposed that the 


two intense bands at 1109 and 958 em~ in the infrared spectrum of acetyl! chloride correspond to 


vibrational modes which are mixtures of the C—C stretching co-ordinate and the CH, rocking 


co-ordinate, and that the similar pair of intense bands in the CD,COCI spectrum arise from modes 


which are mixtures of CC stretching and CD, deformation co-ordinates. Thermodynamic 


functions were calculated for acetyl chloride in the ideal gaseous state. 


Introduction 
THE acetyl halides are the simplest typical members of an extensive family of 
chemically important molecules and a full understanding of their vibrational modes 
is of real importance to chemical spectroscopists. In particular, the intense band, 
which occurs at ca. 958 em~' in CH,COCI, appears at roughly the same frequency 


in the spectra of all molecules containing the skeleton © where X may be Cl, 


C X 

Br, 8S or I, [1, 2, 3] and this band has been used for several years in our laboratory 

as an empirical group frequency. However, fully recognizing the dangers of such 

empirical correlations, we have turned to a normal-co-ordinate analysis of acety! 

chloride with a view to establishing a detailed description of its normal modes. It 

was our hope that these results would lead to a logical interpretation of the spectra 
of many structurally similar molecules. 

Reports of several Raman studies of acety! chloride [4, 5, 6] and acety! chloride- 

d, [7] are to be found in the scientific literature and tentative vibrational assign- 

ments have been made [5]. Our Raman results confirm the earlier work but do not 


* Present address: Department of Chemistry, University of Minnesota, Minneapolis 14, Minnesota. 
+ Formerly Spectroscopy Laboratory. 


[1] N. SHerrarp, Trans. Faraday Soc., 45, 693 (1949). 

{2} R. Mecke and H. Spresecke, Ber., dtsch. chem. Ges. 89, 1110 (1956). 

{3} R. A. Nyquist and W. J. Ports, Spectrochim. Acta 7, 514 (1959). 

[4)| K. W. F. Kouctrauscu, Ramanspektren. Edwards, Ann Arbor (1945). 

|5| J. C. Evans and H. J. Bernstrers, Canad. J. Chem. 34, 1083 (1956). 

[6)| H. Stewan-Aveert and L. Kanovec, Acta. Phys. Austriaca 1, 352 (1948). 
[7] W. Enerer, Z. Phys. Chem. 35B, 433 (1937). 


1205 


4 
17 
96] 
1 


Joun Overenp, R. A. Nyquist, J. C. Evans and W. J. Ports 


add anything essentially new except in the case of CH,DCOCI which had not been 
studied previously. However, the infrared spectra reveal several extremely 
interesting features which, taken with the normal-co-ordinate analysis, allow an 
unambiguous vibrational assignment. We have found these results a very real 
help in interpreting the general class of molecules discussed in the preceeding. 


Experimental 

Acetyl chloride (Baker reagent grade) was fractionally distilled to remove 
acetic acid impurity immediately before use for infrared and Raman studies. The 
acetyl chloride-d, was prepared, from a sample of acetic acid-d, supplied by 
Merck, by reaction with SOC], in CCl, solution. The product was fractionally 
distilled before use. The acetyl chloride-d, was prepared by reacting ketene with 
DC; both gases were condensed in stoichiometric proportions in a liquid-nitrogen 
trap and allowed to warm up to room temperature: reaction was apparently 
immediate and complete. 

Infrared spectra were measured from 3800 to 450 em~! on the Hersher grating 
spectrometer [8] and are shown in Figs. 1-6. Gasphase samples were contained in 
glass absorption cells of length 5 em and 12-5 em fitted with KBr windows. For 
the solution spectra, the solvents were CCl, (1340-3800 em~') and CS, (450-1340 
em~') and the spectra shown were obtained from 10 per cent solutions (by weight) 
contained in 0-1 mm cells. 

Raman spectra were measured with a Hilger Raman spectrometer using the 
4358-A exciting line and the usual filter solutions. Spectra were recorded photo- 
electrically, dispersion 7 A/mm; and photographically, dispersion 16 A/mm. 
Depolarization measurements were made by the Edsall-Wilson method although 
in the case of the heavy compounds the sample volume was insufficient to allow 
quantitative conclusions. 

The observed vibrational frequencies of CH,COCI and CD,COCI are listed in 
Tables | and 2 and those of CH,DCOCI in Table 3. 


Vibrational assignment 

The infrared spectra of the acetyl halides present a peculiar problem in vibra- 
tional assignment, particularly when data on the deuterium-substituted molecules 
are available. Starting with the methyl-group frequencies, which are expected to 
fall at about 3050 (deg.), 2930, 1450 (deg.), and 1375 em~! in the hydrogen com- 
pound, and at about 2275 (deg.), 2110, 1040 (deg.) and 1060 em~! in the deuterium 
compound, we can immediately assign those bands which occur at approximately 
these frequencies to the methyl group. When these are assigned we are left with 
nine fundamentals, two of which are associated with the in-plane bending of the 
carbonyl! and C—Cl bonds, two with the in-plane and out-of-plane rocking of the 
methyl group, one with the torsional vibration of the methyl group, one with CO 
out-of-plane, and three with the stretching of the CC, CO and CCl bonds, It is 
possible to proceed with the vibrational assignment along quite plausible lines 
until there remain only the three skeletal stretching modes to be assigned; at this 


8] L. W. Hersuer, Spectrochim. Acta 901 (1959). 
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point we find that in each molecule we are left with four unassigned, intense bands 
at 1822, 1109, 958 and 606 em~! in CH,COCI and at 1820, 1132, 962 and 563 em~! 
in CD,COCI. The problem of the acetyl halides is to explain this surfeit of bands. 


Infrared 


3629 


3029 


2950) 


PRO) 


2760) 


2390 


2312 
2268 
2000 
1902 
1822 
1780 
1712 
1555 
1470 
1432 
1370 


1212 
1159 
1140 
1109 
1047 
1029 
958 
791 
6549! 
608 
514 
(445) 


Raman* 


liquid) 


3024 
2993 
2054 


1098 


1032 
953 


(liqnuid) 


3582 


oo 4s 
2050 


1361 

1290 

1242 
(1180) 


1098 


1021 
953 


(650) 


Infrared 


Infrared 


int 


2b, O-6 


2b. 
1/2, 0-69 


6, sb. 0-21 


7 
1, 0-69 


Table 1 CH, ‘OC1. Observed vibrational frequencies and assignments 


Raman 


sb. 0-35 


Assignment 


2851, 


2780 
2390, 


2328 
2258 
2067, 


1916 


1780 
1718, 
1545 
1465 


2399 


An approximate normal-co-ordinate calculation, details of which are given in 
and in a following paper, supplies a clue to the vibrational 
assignment. A reasonable set of Urey—Bradley force constants, shown in Table 4,+ 


Tables 4 and » 


. 


+ Following the precedent set by SuHimanovucni [9] we have assumed the linear terms in the potential 


energy F 


equal to 


[9] T. Sumanovucnt, J. Chem. Phys. 17, 848 (1949). 
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* Ref. [6). 
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was chosen by comparison with similar molecules and these were taken with 
appropriate Z and G matrices [10] in the calculation of the vibrational frequencies 
of CH,COCI and CD,COCI. In Table 5 the calculated frequencies are displayed 
side by side with the frequencies of the prominent bands in the spectrum which 


Table 2. CD.COCIL. Observed vibrational frequencies and assignments 
3 1 


Infrared Raman Infrared Infrared Raman ; 
Assignment Cale. 
(gas) (liquid) (liquid) int. int. 

3628 3640 
3300 3320 
3220 3236 
(2780) at” 2782 
2638 2638 
2385 2383 
2289 

2280 22 D(?)27b 

2257 

2085 P 55 

1959 , 1950 
1940 1924 
1915 1917 

P(t) 4 1858 

1820 P 16b 

1743 27); 1754 
1687 , 7 1695 
1632 2y 1636 
1378 ™ 1375 
1328 1316 
1280 a 1279 
1132 

1090 Ww. 2y 1126 
1040 8b 

1003 ' 1000 

962 Me P(?) 5b 

877 

S18 P12 

(797) CCl, impurity 

777 

604 

563 57 8. P 35 

522 

438 p aD 

p 10 


"10 


have been assigned as fundamentals. The correspondence between observed and 
calculated frequencies provides considerable support for our proposed assignment 
although we freely admit that this argument depends on our assumption that the 
Urey—Bradley force constants are transferable from molecule to molecule and that 


10) J. Overenpd and J. R. Scuerer, J. Chem. Phys. 32, 1289 (1960). 
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the force constants of acetyl chloride may be represented adequately by a linear 
hybrid of those of acetone and carbonyl chloride. 
With these approximate normal co-ordinates we return to the assignment 


Table 3. CH,DCOCI. Observed vibrational frequencies and assignment 


Assignment 
Infrared faman Infrared Infrared Raman Approximate 


(gas) (liquid) (liquid) int. pol. description 
(trans) (gauche) 


3610 S583 
3020 3008 3005 Dp? 
2972 2956 2955 P 
2918 2872 
2849 
2797 2772 
2665 2650 
(2400) (2400) 
2220 
2245 
2190 
1935 1923 
1820 1796 1802 
1730 1712 
1690 (1693) 
1454 
1422 1412 
1408 1397 
1361 
1290 1281 
1265 1254 
(1200) 
LO95(s) 
1088 
1073 
1020 1011 
LOOO(s) 
973 
909 
85! 853 852 
(785) 
(608) 5s) 592 


DOD Ve 

503 "ig 

459 487 
0-5 "9 "13 
Dp "ie "14 


problem. The totally symmetric CH and CD stretching vibrations may be identi- 
fied immediately from the polarization results in the Raman effect and are assigned 
to the bands at 2934 and 2104 cm~! respectively. The two remaining CH stretching 
modes, one of which belongs to the A’ species and one to the A”, and which are 
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degenerate if the molecule has the full symmetry of the methyl group, may be 
expected to be almost coincident in acetyl! chloride and accordingly the band at 
3029 cm~! in the gas-phase infrared spectrum of CH,COCI has been attributed to 


an unresolved doublet consisting of », and »,,. The band at 2280 cm~! in the 
CD,COCI spectrum has been similarly assigned. 
The assignment of the methyl-group deformation modes presents certain 
. 
problems and this assignment will be deferred until the skeletal modes have been 
discussed. There is no difficulty in assigning the band at 1822 em~-! in CH,COC! 
- 3 


Table 4. Force constants of CH,COCI transferred from COCI, and (CH,),CO. 
K and F are in mdyn/A. H and *# in 10" erg/rad?. 


(CHg),CO [11] COCI, [12] CH,COC! 


UBFC Coordinate UBFC Coordinate UBFC 


Coordinate 


Ar, H 4-632 Arey l 1-99 Aren 4-632 


Arey 2-929 Areo 12-61 Are 2-929 
Aron 9-851 Atocc: 0-442* 11-23 
0-474 0-335* Aree 2-00 
0-535 0-860 0-535 
1-526 0-523 0-474 
Ateoco 0-723 Atoco 0-723 
Ay 0-244 0-930 
Adee (O-315)[ 13] Attocc: 0-442 
Adeo 0-497 Ay 0-400 [12] 
Aquu 0-076 Ar 0-0144 
Aqui 0-298 qui 0-298 
0-067 quu 0-076 
Ico 0-497 


0-419 
0-860 
0-060 


* Corrected for the revised definition of the internal coordinate. 
+ Calculated from barrier height of 1-35 kcal/mole quoted in Ref. 


16), p. 1215. 


and at 1820 em~! in CD,COCI to the carbonyl stretching mode yv,, nor is there any 
question that the bending modes (calculated frequencies 496 and 391 cm~' in 
CH,COCI and 462 and 355 em~! in CD,COCI) should be assigned to the Raman 
bands at 436 and 348 cm~! in the hydrogen compound and 437 and 317 em~! in 
the deuterium compound. Also the correspondence between observed and calcu- 
lated frequencies and the high infrared intensity leaves little doubt that the bands 
at 608 and 563cm~! should be assigned to the carbon-chlorine stretching 


vibration. 

The remaining A’ type modes involve the C—C stretching co-ordinate and the 
methyl-group deformation and rocking co-ordinates but it is not possible to match 
each defined co-ordinate with a spectral band. Further, although the spectra of 


1] J. Overenp, J. R. Scuerer and R. R. Hotmes. Unpublished work, 
| J. OVEREND and J. R. Scnerer, J. Chem. Phys. 32, 1296 (1960). 


{1 
[12 
[13] J. OveREND and J. R. Scnerer, J. Opt. Soc. Amer. 50, 1203 (1960). Value transferred from (CH,),X. 
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CH,COCI and CD,COC! are superficially similar in that they both have very 
intense bands at ca. 1100 and ca. 950 em~', the assignments cannot be made along 
parallel lines because account must be taken of frequency differences resulting 
from the differences in mass between H and D. 


Table 5. Frequencies of CH,CC Cl, CD,¢ ‘OC! and CH,D( ‘OC! 
Calculated from assumed force constants, see Table 4. 


CH,COC! CD,COC! 


Approximate * Assign- Mod Cale. Approximate * Assign- 


description ment (em?) descript ion ment 


3002 3029 2232 Yop 2280 
2939 2934 2114 Yep 2104 
1780 co 1822 1777 1820 
1441 1432 1147 p, | + 1132 
1378 1370 1031 ao, p, pure 1040 
1104 1109 O86 | + 80, Ds! 962 
962 958 802 “cps 818 
661 cel 608 601 Yee 563 
469 436 462 %occi 437 
391 348 B55 Ococi 317 
S000 3029 2227 Yop 2280 
1444 dons 1432 1031 | dep, 1040 
1040 cls 1029 A” 854 877 
568 Yoo 514 516 Yco 498 


136 TCHs 238 5 100 TCD, 


D-eclipsed CH,DCOCI (trans) eclipsed CH,DCOCI (gauche) 


2962 ‘ 2972 3002 VCH 3020 
2192 cD 2255 ; 2962 Vou 2972 
1778 CO 1820 2189 2955 
1418 1408 1780 1820 
1266 1265 . 1417 dots 1422 
L033 1020 1300 on 1290 
VED 909 1260 on 1265 
607 565 1085 ree 1088 
4067 oct 437 ‘ 968 Mcp O87 
381 cee 340 847 Mcp , 851 


8000 3020 657 588 
306 1200 , 539 Yoo 489 
O87 467 437 

378 340 


121 Ti 


scription i determined by Inspection of the potential-energy-distribution 


We submit that the vibrational assignment should be made along the lines 
indicated in Table 5: that the two intense bands at 1109 and 958 em~' are described 
as mixtures of methyl-rocking and carbon—carbon-stretching vibrations and that 
the two similar intense bands in the spectrum of CD,COC] at 1132 and 962 em-! 
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are described as mixtures of the symmetrical CD, deformation and the carbon 
carbon-stretching modes. Although one would not normally expect the methy!| 
deformation and rocking vibrations to be so intense in the infrared spectrum, the 
mixing indicated by the normal-co-ordinate analysis and the assumption that the 
carbon—carbon bond has a high dipole-moment slope* would qualitatively account 
for the observed spectra. The assignment of the two A’ CH, deformations in 
CH,COCI to the bands at 1432 and 1370 cm~! and the A’ CD, deformation and 
wagging modes to the bands at 1040 and 818 em~! completes the assignment of the 
A’ modes for these two molecules. 

The A” CH and CD stretching vibrations have already been assigned. There is 
a band at 1432 em~! in the gas-phase infrared spectrum of CH,COCI] and one at 
1040 cm~! in the fully deuterated species which appear to have sharp central Q 


” 


branches and which are assigned to the A” methyl-deformation vibrations. The A 
methyl-rocking modes are assigned to the bands at 1029em~! and 877 em™! 
respectively, and, as OvEREND and Evans have already determined [15], the 
carbonyl out-of-plane vibration should be assigned to the band at 514 em~! in 
CH,COCI and that at 498 em~! in CD,COCI. The assignment of the torsional 
frequency by Kon_ravuscu [4] to the weak bandt at ca. 238 em~! in the Raman 
spectrum is somewhat tenuous, and since it is markedly different from the torsional 
frequency value calculated from the barrier to internal rotation determined by the 


microwave method, we shall accept the calculated value: no low frequency line 
was observed in the spectrum of CD,COCI. 
The remaining bands in the spectra of both molecules can be satisfactorily 


assigned to combination and overtone bands arising from these fundamentals 
although in several cases it is not possible to choose between alternative possi- 


bilities. 
Vibrational assignment of CH.DCOCI 


The equilibrium configuration of acetyl chloride has been shown to have the 


carbonyl bond eclipsed by one of the CH bonds: [16] there is a three-fold potential 
barrier to the rotation of the methyl group and there are three possible equilibrium 
conformations. In the symmetrical molecule these are necessarily equivalent and 


for a normal-co-ordinate analysis it is sufficient to consider a single species in the 
equilibrium conformation. In the case of CH,DCOCI the three positions of the 
methyl group are no longer equivalent and we must consider the geometry more 


carefully. 
The rate at which one molecule passes from one conformer to the other should 
be given roughly by the Arrhenius equation 


k = Aexp(—E/RT) 


* J. Perro [14] has pointed out that such a high value for the dipole-moment slope might be expected 
in cases where the bond is between two differently hybridized carbon atoms. 

+ KoOHLRAUSCH reported the relative intensity of this band as 1/26; however, it has not been reported 
by later workers. 
[14] J. Perro, J. Amer. Chem. Soc, 4230 (1958). 
[15] J. OveREND and J. C. Evans, Trans Faraday Soc. 55, 1817 (1959). 
[16] K. M. Stnnorrt, Bull. Amer. Phys. Soc. 1, 198 (1956). 
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where A is the frequency factor and £ the barrier height; taking E = 1-350 cal/ 
mole, at room temperature the rate is about 0-1 A. The two equilibrium confir- 
mations are: (1) The CH bond eclipses the carbonyl and the CD bond is gauche to 
the CCl bond (gauche CH,DCOCI), and (2) The CD bond eclipses the carbonyl! and 
is trans to the CCl bond (trans-CH,DCOC]). If we use twice the torsional frequency 
(ca. 200 cm~') as an approximate value for A, we might then expect the remainder 
of the vibrational spectrum, which is at much higher frequencies, to be under- 
standable in terms of two conformers which will be present in the ratio 2:1. 

In Table 5 we show the frequencies of both trans and gauche forms calculated 
from the assumed potential constants and a tentative vibrational assignment made 
on the basis of these calculations. Comparing the frequencies of the two conformers 
calculated from the potential function assumed in the preceding (Table 5), we see 
that in a few instances there is a significant difference which we may reasonably 
expect to show up as a splitting in the observed spectra. In Table 6 we have 
collected the calculated splittings and these are compared with the prominent 
doublets in the infrared spectrum. A simple model suggests that the intensities of 
trans and gauche forms will be in the statistical ratio of 1:2. However, as the 
splitting arises from significant differences in the mixing of internal co-ordinates in 
the normal modes (arising from the different symmetry properties of the two 
conformers) it is extremely unlikely that the @P/0Q’s are equal; any differences in 
this quantity will give rise to a deviation from the statistical ratio. However, in 
support of our proposed assignment it is interesting to note that the fairly intense 
doublet at 565-607 em~' has an intensity ratio of approximately 1:2, and that the 
component assigned to the gauche form is the more intense. The final vibrational 
assignment was made on the assumption that the spectrum is that of a mixture of 
the two conformers, and is shown in Tables 3 and 5, although there is some uncer- 
tainty in the precise interpretation of the complex of bands between 950 and 1100 
em~', and further experimental data at much higher resolution are desirable. 


Discussion 

Deuterium substitution is a powerful tool for the elucidation of a vibrational 
assignment and has been successfully employed on countless occasions. From the 
most naive viewpoint, one would expect a shift of about 1/2 in the frequency of 
any mode which involves a hydrogen atom. If we take into account the fact that 
the normal vibrations do not correspond to simple distortions of a single bond, then 
the shift in a particular band on deuteration will depend on the extent to which the 
internal co-ordinate involving the hydrogen atom participates in the particular 
normal co-ordinate. However, even in this case we should expect to see a marked 
frequency shift in any vibration which involves a hydrogen atom. It is therefore 
apparently contradictory when we assign the CH, rocking mode to a band in the 
spectrum of CH,COCI] which does not appear to shift when we replace the hydro- 
gens by deuterium. We have explained this contradiction by saying that, although 
the intense bands occur at approximately the same frequencies in both light and 
heavy compound, there is a fundamental difference in the normal co-ordinates. If 
we further postulate that the infrared intensity stems entirely from the dipole- 
moment slope of the carbon-carbon bond, then it is easy to see that any vibration 
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which might occur at about 1000 em~! and which is appropriately coupled to the 
carbon—carbon stretching co-ordinate will give rise to an intense infrared band in 
this region of the spectrum. We believe that this phenomenon occurs frequently in 
O 


the spectra of molecules containing the © skeleton and that in all these cases 


CH, X 


one must exercise caution in interpreting the results of deuterium substitution. 


Table 6. Observed and calculated conformational splitting (trans—gauche) in CH,DCOCI in em 1 


Approx. Cale. Observe 
Mode (trans) Cale. (trans) worved 


description splitting splitting 


2962 0 0 
2 2192 veD 3 0 
3 1778 vcCo 2 0 
4 1418 14 
5 1266 Ochs 6 0 
6 1033 ree 52 68 
7 899 Mcp 52 58 
607 rect 50 43 
9 467 doc 0 0 
10 381 dcer 3 0 
11 3000 You 2 0 
12 1306 dons 6 0 
13 974 dcp 6 0 
14 568 Yoo 29 18 


15 120 T l 


We feel that the nature of the vibration producing the intense absorption at 
QO 


ca. 950 em~! and characteristic of the structure CH,—C— X is fairly well explained. 
Not so clear, however, is the fact that a completely analogous absorption in the 


range 850-1000 em~! is characteristic of any molecule of structure C—-C-—X, no 
matter what the nature of the «-carbon atom. In view of the above discussion, it 


would appear that molecules of form CH,—C—X constitute a somewhat special 
case, and probably will not serve as model compounds which can be used to 
estimate the nature of this normal mode for more complex molecules. We hope to 


investigate this point more fully in future studies of related molecules. 


Appendix 


Thermodynamic functions 
Thermodynamic functions for acetyl chloride in the ideal gaseous state at one 


atmosphere pressure were calculated using the standard statistical methods based 


1217 


17 
96) 


Joun OvereEND, R. A. Nyquist, J. C. Evans and W. J. Ports 


on the rigid-rotator, harmonic oscillator approximation. Molecular dimensions 
determined by Sinnott using the microwave method and quoted by KrisHEeR and 
Witson [17] were used; these authors quote all dimensions except the C——Cl bond 


Table 7. Thermodynamic properties of acety] chloride (ideal gas) 


(H° — H,°)/T 


298-15 70-47 11-80 
300 5 11-82 
400 . 5-6 13-26 
500 21- . 14-62 
600 23-18 84> 15-88 
700 24- 87-8: 17-05 
800 91-2 18-12 
900 27°: 19-10 
1000 28- 36 20-00 
1100 
1200 
1300 
1400 
1500 


Units: cal/deg. mole. 


length, and for this, the value 1-80 A indicated by electron diffraction studies was 
assumed [18]. The principal moments of inertia thus calculated were 48-84, 104-35 
and 150-07 a.m.u. x A®. The symmetry number for external rotation is one, while 
for the hindered internal rotation the symmetry number is three. The contributions 
made by this latter degree of freedom were determined using PrrzeR and Gwinn’s 
methods [19], taking the barrier height to be 1300 cal/mole [17] and the reduced 
moment of inertia to be 4:92 « 10- g em*. Calculated values are collected in 
Table 7. 


17) L. C. Krisner and E. B. Winson, J. Chem. Phys. 31, 888 (1959). 
18) Interatomic Distances, Special Publication No. 11. Chemical Society, London (1958). 
19} K. S. Prrzer and W. D. Gwiyy, J. Chem. Phys. 10, 428 (1942). 
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Generalized mean-square amplitudes of some molecules 
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Abstract Expressions are given for the generalized mean-square amplitudes (mean-square 
parallel amplitudes, mean-square perpendicular amplitudes, and mean cross products) in terms 
of the X matrix elements for the following molecular models: (i) linear YXZ, (ii) regular 
trigonal Xz, (iii) plane square X,, (iv) tetrahedral X,, (v) linear symmetrical XY,, (vi) bent 
symmetrical XY,, (vii) planar symmetrical XY;, and (viii) tetrahedral XY,. Numerical values 
of the mentioned quantities are reported for #CO,, 8CO,, “CO,, OCS, OCSe, CS,, SCSe, CSe 


2 2° 
SCTe, Py, UBF, “BBrg, and “BI,. 


THE concept of generalized mean-square amplitudes (i.e. the mean-square parallel 
amplitudes, mean-square perpendicular amplitudes, and the mean cross products) 
has been put forward by Morrno and Hrrora [1] and applied to carbon tetra- 
chloride and germanium tetrachloride in the course of an electron diffraction 
investigation of these molecules [2]. For germanium tetrachloride the mentioned 
quantities have also been computed by the present author [3]. As shown pre- 
viously [4] the mean-square perpendicular amplitudes, as well as the mean-square 
parallel amplitudes, may be expressed in terms of the Z matrix [5] elements. 
This statement holds also for the mean cross products. 

Let = & — y, z) denote the difference between the appropriate 
Cartesian displacement co-ordinates for an atom pair. Then one may write (ef. 
equation (13) of Ref. [4]) 


(M-'C)|~ 

Here C is the transformation matrix given by q = CX, where q and X denote the 
column matrices representing a chosen set of internal co-ordinates and the Cartes- 
ian displacement co-ordinates, respectively. D,, designates an operator which, 
when operated on the matrix M-'C, gives the column matrix 4,€; — «,C;, where 
uw, and mw, denote the inverse masses of the i and j atoms, respectively, and C; and 
C,;* are the two columns of the C matrix which correspond to the &, and &, co-ordi- 
nates. R is the transformation matrix given by § = Rq, where § represents the 
symmetry co-ordinate set which is supposed to be associated with the inverse @ 
matrix (in WILSON’s notation |6]) and the mean-square amplitude matrix [5], Z. 

", Morrno and E. Hirota, J. Chem. Phys. 23, 737 (1955). 

Mortrno, Y. and T. Iijima, J. Chem. Phys. 32, 643 (1960). 

. J. Cyvex, J. Mol. Spectros. 6, 338 (1961). (Paper LX of this series). 

5. J. Cyvin, J. Mol. Spectros. 6, 333 (1961). (Paper VIII of thi> series). 

.. J. Cyvin, Spectrochim. Acta 15, 828 (1959). (Paper I). 

-. B. Witson, Jr., J. Chem. Phys. 7, 1047 (1939); 9, 76 (1941); J. C. Decrus, thid. 16, 1025 (1948); 

S. M. Fericie and A. G. Meister, bid. 19, 982 (1951); T. Surmanovucnat, ibid. 25, 660 (1956); S. R. 


Poo, thid 24, 1133 (1956): E. B. Wrisow, Jr.. J. C. Dectvs and P. C. Cross, Molecular Vibrations. 
McGraw-Hill, London (1955). 
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For the superscripts — and » the symbols zx, y or z may be inserted. Thus one 


obtains the following six quantities for a given atom pair: (r,”)*), (r,,")*), 
(r,,*)* Vast and 

The above equation applies to any orientation of the Cartesian co-ordinate 
system. If the z-axis in particular is taken along the connecting line of the i and j 
atoms in their equilibrium position, it will be adhered to the notation of Morro 
et al. {1, 2), namely A:*) for the mean-square parallel amplitude, Axv* and Ay* 
for the perpendicular mean-square amplitudes, and ArAy), AyAz and AzAr 
for the mean cross products 

In the present work the generalized mean-square amplitudes for the following 
molecular models have been treated theoretically: linear triatomic YXZ and XY,, 
regular trigonal X,, plane-square and tetrahedral X,, non-linear X Y,, planar XY,, 
and tetrahedral XY, molecule models. Numerical results are reported for some 
molecules of the type YCZ, where Y and Z denote oxygen, sulphur, selenium or 
tellurium, for the phosphorus molecule, nitrogen dioxide, and for the trihalides 


ot boron 
Linear triatomic YXZ molecules 
A theoretical study of the parallel vibrations of the linear YXZ molecular 
model has been given previously by the present author [7,8]. Now also the doubly 
degenerate perpendicular vibrations need to be taken into account. If the angle 
bendings in the xz and yz-planes (taking the molecular axis as the z-axis) are 
denoted x, and a,, respectively, one may introduce the co-ordinates (R, R,)'*2, 
and (2, R,)' *2, in addition to the X--Y and X—Z stretchings r, and r,. Then in 
terms of the Cartesian displacement co-ordinates one has 


(R,R,) *2, 
x, 


R, and R, are used to designate the equilibrium X—Y and X—Z distances, 


respectively, and 


« = R,/R, 


The final results for the generalized mean-square amplitudes for the atom pairs 
XY, XZ and YZ of the here considered molecular model are collected in Table 1. 
The mean-square amplitude matrix elements occurring in that table are defined by 

Four examples of molecules belonging to the considered type are provided by 
OCS, OCSe, SCSe and SCTe. The numerical values of the generalized mean-square 
amplitudes for these molecules at 298°K are found in Table 4. The calculations 


* With the nomenclature of Refs. (7, 8] one has Ze Os, a’. 


7) 8S. J. Cyvin, Spectrochim. Acta 15, 835 (1959). (Paper II of this series). 
8) S. J. Cyvrx, Acta Polytech. Scand., Ph No. 6 (279/1960). 
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have been based on data from WentIxx [9] (vibrational frequencies from Tables 
VIII and XI, interaction force constants from Table VIII, and internuclear 
distances from Table IV of the cited paper). For the computations of the mean- 
square amplitude matrix elements and mean amplitudes of vibration for the paral - 
lel vibrations of the molecules in question, see Ref. [10], where also some of the 
mentioned data from WentINk [9] are quoted, 


Table |. Generalized mean square amplitudes for linear 


triatomic XYZ molecule model 


Regular trigonal X., molecular model 


In the very simple case of the regular trigonal X; molecular model one has only 


two non-vanishing generalized mean square amplitudes (see Table 2). if the y-axis 


is taken perpendicular to the molecular plane. In terms of the normal frequencies 


vy, and v, (ef. Ref. [8] p. 34) one has for the mean square amplitude matrix elements 


Shu. hy Shu hy, 
Say, 2k7 2k7 


where is Planck's constant. joltzmann’s constant. and 7’ the absolute tem- 
perature. Hence (see also Ref. [8] p. 38) 


[9] T. Wentink, Jr, J. Chem. Phys 30, 105 (1959). 
S. J. Spectrochim 15, 958 (1959 (Paper IIT of this ries), 


122] 


x—Y 
~2 
(2 K fly ly Ki 
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A: ~3 
2 x 2 2 » » 
Ar? Ay? 
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A:* coth ‘oth : 
coth 
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Table 2. Generalized mean-square amplitudes for regular 
trigonal X,, plane square X, and tetrahedral Ny 
molecular models 


Regular trigonal X, 


Az* 
Ay? 
AwAz 


» squar X 


Plane square X, molecular model 
A complete analysis of the harmonic vibrations of the plane square X, molecu- 
lar model has been given by Pistorius [11]. Following his numbering of normal 


frequencies, and using his symmetry co-ordinates for defining the mean-square 


amplitude matrix elements, the following expressions are found: 


According to the evaluated expressions given in Table 2, one finds for the non- 
vanishing generalized mean-square amplitudes of the bonded X——-X atom pair 
11) Cc. W. F. T. Pistorivs, Z physik. Chem. Frankfurt (Neue Folge), 16, 126 (1958). 


qx. 
ArAy 0 
Plan, X—X 
Az* (=, =.) 
A, » iw 
| 
1, 
Aw Ay AyA Az Aa 
Nw Ay AyA Az Aa 0 
Tetrahedral X, X—xX VOL. 
: 17 
hu hy hu hy 
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(see also Ref. [8] p. 38.): 


Az? 


In this case (as in the case of the regular trigonal X, model) the y-axis has been 
taken perpendicular to the molecular plane. 


Tetrahedral X, molecular model 
The symmetry co-ordinates, which have been used for defining the mean-square 
amplitude matrix elements (see Table 2) have been published previously [12, 13]. 
One has 


hu x | 


Ax Ay 


3 


Numerical values of mean-square amplitude quantities for the phosphorus 
molecule, calculated from normal frequencies due to Pistorius [14], have been 


uublished previously {8, 13]. The generalized mean-square amplitudes for this 
I | 


molecule, which belongs to the type considered here (tetrahedral X,), are found 
in Table 4. 
5. J. Cyvin, Spectrochim. Acta 15, 341 (1959). 


8. J. Cyvin, Acta Chem. Scand. 18, 1397 (1959). (Paper IV of this series). 
W. F. T. Pistorius, J. Chem. Phys. 29, 1421 (1958). 
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| 
huy {1 hy hy. l hy. 
- coth coth ——. + — coth —— 
82? \2y, 2kT 2 2kT 2kT 
huy { 1 hy l hy. : 
Az? = — coth — coth 
82? \2y, 2k7 Vs 2k7 
hus hy. 
‘Ay? coth 
2kT 
Similarly for the non-bonded (diagonal) X- - -X atom pair: 
hu l hy l hy 
Az? (— coth + — coth 
2k7 Vs 2k7 
hus hy, 
Ax? Say, coth 
17 
96] 
hus hy hu hy. 
hu hy 
3 - coth 
2k7 
Hence, according to the expressions in Table 2 (see also Ref. [8] p. 38): 
hu 2 hy | hy, l hy. ; 
Az? | coth coth — coth 
2k7 2k7 Vo 2k7 
hu | hy. | hy. 
Ax? Ay? coth = coth 
1/2 | hv, 
cotn coth — 
Vs 2k7 2k7 
14) ¢ 


S. J. 


Table 3. Generalized mean-square amplitudes for symmetrical linear XY ,, 


bent X¥ », planar XY,, and tetrahedral XY, molecular models 


Linear XY, 


, > 
sin® 24 (2p, sin® A 
0 


sin 24 (2yy sin* A 


Y-¥ 
Az cos* A 
Ax 2 A (2px sin® A VOL. 
Ay* Aw Ay : 0 17 
Az 0 196) 


Plana XY, 


: 
Ax* Ay’ 
AwAy Ay Az 0 
Az* 2x, 
Ax Ay? 0 
Ay Az Az Aa 0 
Bent XY, x—Y 
A: 
Ay* AwrAy AyAz 
X—Y 
+ 25) 
re 2 
AwrAy AyAz AzAa 0 
2—3 6—4 —34 
ay” 
Ay Az AzA 0 
letrahedral XY, X \ 
Ar Ay AyA 0 
% 
iv ow iv ov 
- ov rv 
Ay 223 ~~ 4) 
\yAz AzAa 0 
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Linear symmetrical XY, molecules 

The parallel vibrations of the linear symmetrical XY, molecular model have 
been studied previously by the present author [7, 8, 10, 12]. For numerical values 
of mean-square amplitude matrix elements for some molecules of the considered 
type, see Ref. [8] p. 100 or 198. In addition to the symmetry co-ordinates S, and 
S, (see Ref. [8] p. 32), one has for the perpendicular vibrations 


S,, = Ra,, S,, = Ra, 


where x, and x, denote the angle bendings in the xz and yz-planes, respectively, 
the molecular axis having been taken as the z-axis. R designates the equilibrium 
X—Y distance. For the appropriate mean-square amplitude matrix elements 
appearing in Table 3, it is found in terms of the normal frequencies: 


h(2ux 
Xx 
>: 


Hence the non-vanishing generalized mean-square amplitudes of the present 
molecular model may be written (see also Ref. [8] p. 38, and [15)]): 


lie 


17 
h hy, 2ux uy hv, 
Az* — cotl — coth — 


Ax? 


for the X—-Y atom pair, and 


for Y- 


Bent symmetrical XY, molecules 


The mean-square amplitude matrix elements for the present molecular model 
For the final expressions of the generalized 


have been defined previously [8, 16]. 


The y-axis has been chosen perpendicular 


mean-square amplitudes see Table 3. 
to the molecular plane in the equilibrium position of the atoms. Notice that 2.4 


is the equilibrium value of the valence angle. 
Numerical mean-square amplitude matrices for “NO, and “NO, have been 
(8, 16]. The mean-square parallel and perpendicular amplitudes 


given previously 
for the same molecules are found in Table 4. and have been calculated from the 


same experimental data 18}. 


S. J. Cyvix, J. Chem. Phys. 30, 337 (1959). 

8S. J. Cyvix, Acta Chem. Scand. 18, 1400 (1959). (Paper V of this series), 
kK. T. ARAKAWA and A. H. Nrevsen, J. Mol. Spectros. 2, 413 (1958). 

[18] G. R. Birp, J. Chem. Phys. 25, 1040 (1956). 
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huy hy hy 
Uy) iV. 
2: coth —— , —- eoth 
2k7 T 2kT 
h(2u uy) hy 
3 
= coth 
2k7 
= 
h(2uy + wy) hy 
“Ux fy 2 
Ay? coth — 
O77 "Vo 2k7 
hu, hy, 
Az? — coth —— 
2k7 
- -y. 


8S. J. Cyvrx 


Table 4. Generalized mean-square amplitudes for individual molecules at 7’ 298° K 
i 
(A2 units) 


Molecule Distance Az? Ax? AwvAy AyAz AzAx 


RCO, C—O 00120 0-00311 0-00311 0 0 0 
0-00156 0 0 0 0 0 


BOQ, O-OOLLT 0-00304 0-00304 0 0 0 
0-00156 0 0 0 0 


C—QO O-OOLLS 0-00299 0-00299 0 0 
O-O0O1L56 0 0 0 0 0 


00120 0-0048 | 00-0048 1 
O-O0O1L50 O-O0317 0 0 
0-O0001L7 


OOLGS 0-O0001L7 


oOo 122 O-O0604 0-O0604 0 
Se O-OO159 0-003825 O-003825 0 
Ne O-OOL7I 0-00043 0-00043 0 0 


0 0 0 0 


OOLS!I O-OO717 


OOLS6 0O-00769 


0 a “ 0 


0-00798 


OOT7OS 


iv OOOLTS O-O0595 “ 0 


OOLST O-OO01L5 OOOLS 


OO261 


0-00198 O-00052 


OOL46 


O-O0007 0 0 0 


O-O00104 “ 0O-00050 


0-00476 O-OOR51 


0-00746 


O-O0527 0-003907 


0-00324 O-O072 


0-00719 O-00555 


— 
OCS 
SCS C—8 0.00717 0 0 0 VOL. 
196] 
Cs ( 0 0 0 
2 0 
SCT 0 0 0 
ST 0 0 0 
P, P—P 0-00032 0 
000220 
BNO,  N—O 
UBI 
UBB: B—B 0 0 0 
Br Br 0 0 0 
[---] 0 0 0 
4 
& 
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Planar symmetrical XY, molecules 


In the case of the planar symmetrical XY, molecular model some details of the 
theoretical evaluation will be given in order to illustrate the method. 


(See also 
Refs. [8, 12, 19].) The numbering of atoms, orientation of the Cartesian co-ordinate 


Ay 


Fig. 1. Numbering of atoms, orientation and notations for the planar symmetrical XY, 
molecular model. Symmetry co-ordinates: 
Symm. species A,’: S; 
Symm. species A,”: S, Ry 


Symm. species 2’; 


R is the equilibrium value of the X—Y interatomic distance. 


3/ 
The symbol ys used to 
designate the out-of plane bending co-ordinate according to 


Zs 324 


axes and the notation used is explained in Fig. 1. 


According to the chosen sym- 
metry co-ordinates the R matrix (§ Rq) reads 


Ra, Rx, 


CyVIN Icta Chem. Scand 13, L809 (1059) (Paper VI of this series) 


= 
3 
\ 
\ 
@, 
x \ > 
5 L . Y } 
l 7 
| 
E 1/2 3-12 3-12 0 0 0 
| 0 0 0 0 0 0 1} 
R 1461/2 1/2 0 0 0 
| 0 0 0 6-1/2 
0 2-1/2 9-1/2 0 0 0 0 
| 
0 0 0 2-1/2 9-1/2 
19) S.J, 
1227 


S. J. Cyvie 


The C matrix (q = CX) is given implicitly by the following linear transformation. 


1/2» 


9 


Ry 

Hence the following 


D,."(M-C) = wy{—} —} 3”, 0, 4, 4, —1, 0} 
D,.."(M Myi—?, 9, —1 0, 0} 
D,. (MC) 

iC) 

iC) 0,0, 0,0, 0, Buy uy! 


For the G-! matrix, see [12].* It follows: 


G'RD,,’(M 1G) {0, 0, 
— 0 

GRD,,°(M-“C) = {0, }, 0, 0, 0, 0} 


Hence for the non-vanishing generalized mean-square amplitudes associated with 


the 1—2 interatomic distance, one finds: 


2)2 v 


} ; 


For the 3—4 distance it is found: 


orresponding to the out-of-plane vibrational co-ordinate S, reads 
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1 1 91/2 4 
1 91/2 1 1 91/2, 
ls “Xe — 3 Ye — + 
a — 
matrices. 
3 ' 
1 91/2 91/2 ) 
Ux, 3 “Hx: 3 “Ex: 
VOL. 
a 17 
1 L@i/2 1 91/2 
1 91/2) 
—2-12, 0} 
2 —3 6—4 —34 
9-128 
* The matrix clement 


Vibrational mean-square amplitude matrices—XII 


The above notation, which refers to the chosen orientation of the Cartesian co- 
ordinate system (Fig. 1), has been transformed to Mortno’s notation [1, 2] by the 
substitutions: 


For X—Y: (734")? 
(734")*), (Ay? (734°)? 


For previous calculations of mean amplitudes of vibration and mean-square 
amplitude matrix elements for boron trihalide molecules, see [8, 19, 20]. The 
experimental data used in the present calculations (see Table 4) have been taken 
from the same sources, viz. Ref. [21] for BF, and BCl,, and Ref. [22] for BBr, 
and Bl,. 


Tetrahedral XY, molecules 
For the theoretical treatment of the mean-square amplitude matrix of the 
tetrahedral XY, molecular model references are made to [4, 8, 23]. For the sake 
of consistency the evaluated expressions for the generalized mean-square ampli- 
tudes |4] are quoted in Table 3. As to the numerical results reference is made to 
the previous calculations for GeCl, [2, 3] and CCI, [2]. 


8S. J. Cyviy, Acta Chem. Scand. 13, 334 (1959). 

L. P. LINDEMAN and M. K. Wiison, J. Chem. Phys. 24, 242 (1956). 
T Wentink, Jr. and V. H. Trensuv, J. Chem. Phys. 28, 826 (1958). 
S. J. Cyvin, J. Mol. Spectros. 5, 38 (1960). (Paper VII of this series). 


20 
- 
17 [23] 
96] 
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Abstract ~ tural parameters ha been calculated for a number of molecules from th 
nal rust tant News brium slues have beon obtamed using the methods 


‘ “TAIN mi ur 


it me fe it on Moet hare ethylene and benzene, 


tf ning ont ratoons for these molecules im discusscd 


on when obtanm uf often subiect to « imoer 


amd in such Cases 7 


Introduction 


lure largest uncertainty in structure determinations from ground-state rotational 


irises Irom zero point energ\ effects These effects occur because the 


measured rotational constant #, vields an “‘effective’’ moment of inertia J. which 


8 a function of the squared distances averaged over the zero point vibrations and 


not the square i the average or equilbrium distances Hence r, structures 


i bw fitting the calculated moments of inertia to the experimentally 


determined /, values ao not contorm to the equil brium configurations KRAITS H- 


WA* || has discussed this prol em in some detail and has given general equations 


which relate the change in equilibrium moment of inertia fon isotopic substitu 


tion with the distance of the substituted atom from a principal axis 


More recently. Cos’ sIN [2) has investigated the ol effective moments ol 


inertia in KARAITCHMAN's equations, and has shown that the resulting » parameters 


have important advantages over the “best-fit” or r, values. Unlike the ; values, 


“ 


the parameters show little variation for different isotopic combinations, and 


since each atom ts located independently the experimental error ina particular bond 


is easily assessed Moreover in the case of three triatomic mole« ules, COS. 


HON and NO, the r, parameters have been shown to differ by no more than 0-002 A 


from the equilibrium values [2 


In this paper the calculation of parameters from ground-state rotational 


constants is explored further, with particular reference to those cases where 


equildbrium data are also available and a further method for placing atoms by 


isotopic substitution, due to Prerce [3], is examined 


Theory 


para 


For a linear molecule the distance of an atom from the centre of gravity is 


given bv the relation 


(1) 
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where A/, is the change of effective moment of inertia on substitution at that atom, 
uw = MAm/(M + Am) where M is the mass of the original molecule and Am is the 
change of mass on substitution. The “effective’’ moments of inertia are related to 


the equilibrium values through the rotational constants B, and B, by 


(2a) 


BR! = B’ B’ (2b) 


where the primes refer to the isotopically substituted molecule and «, the vibra- 


tional constant associated with the i-th vibration of degeneracy d,. Thus 


h 1 | h{ | 


ignoring (%*/B,*), (2*/B,*)’ and subsequent terms. Then 


h : 
| 


Sr? 


|( B*) 


or 


Consider now a further substitution at the same position in the original molecule 


involving a change of mass Am*. 
Equation (3) then gives 


h 
$2 . (4) 


From equation (3), ifr, is to equal r, then Z/(B,*) must equal z'/( B,*)', orin CosTarn’s 


notation where equals (B/B") 


Moreover if this condition holds for equation (4) the range in r, values given by 


f. r,* is equal to zero. In general, if y is invariant for different isotopic substi- 


tutions, the r, values will be completely consistent. 


For comparison of 7,, 7, and r, parameters it is more convenient to consider bond 


lengths rather than co-ordinates. Following Cosrary. for a diatomic molecule the 


r, value of the bond length and its deviation from the equilibrium bond length, 


Ar,, may be derived for a hypothetical variation of y. These values are given in 
Table 1. 
The relations in this Table cannot be considered exact because in their 


derivation the rr refers to the original molecule and implies a variation of 


depending on the choice of that molecule. It is interesting to note that if ; ( 


(that is no change in « on isotopic substitution) the deviation of the r, value from 


the equilibrium bond distance is twice that of the r, deviation. In fact for a 


diatomic molecule y = 3/2 and the deviation is fixed by the relationship 


; 
h d 
B, = B, — = B, 
Sor? 2? 
0 ‘ 
h 
2 ” 
17 
961 
(ro + 1r,)/2. 
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First-moment ¢ quation 

Independent location of an atom by substitution is not always possible. This 
applies where an atom is very close to a principal axis or where there is only one 
stable isotope. In cases where only one atom in a molecule remains to be placed 
CosTAIN [2] has advised the use of the centre of mass relationship (equation 5) 
instead of the second moment relationship (equation 6). 


0 


Ar 


In general the centre of mass relationship is only exact for equilibrium distances, 
but it is also true for r, parameters when y remains invariant for different isotopic 
substitutions. y is only necessarily invariant for diatomic molecules, but CosTa1N 
has shown that for several polyatomic molecules © mr, = 0isa good approximation. 


Double-substitution method 


In certain molecules a method of placing an atom apart from the use of the 
centre of mass equation is required, for example where one atom possesses only one 
stable isotope and another is close to a principal axis. Recently Prerce [3] has 
proposed such a method. In his method a co-ordinate 7, is determined by the 
change of another co-ordinate r, on substitution in the j-th position. This requires 
a substitution in the k-th position to determine r, in the original molecule, substitu- 
tion in the j-th position to produce the new co-ordinate r, and a further substitution 
in the &-th position to determine r,. 

In general use of this method requires exceptionally accurate data for at least 
four isotopic forms since it involves a double difference in moments of inertia. The 


analysis given by Pierce [3] shows that only zero-point energy cross-terms of 


second and higher orders in the isotopically added masses are ignored. 


Although in principle it might appear that this analysis would yield parameters 
closer to the equilibrium values than those obtained by the single-substitution 
method, an alternative derivation of the PleERCcE equation, given below, suggests 


that this is not necessarily the case. 


. 
mi 2 Se (6) 
Table | 
DA, 
Ary 
3/9 ro Ve Ar 
17 
196] 
ia 
: 


17 
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For a linear triatomic molecule (Fig. 1) an application of the 


Mb; 


first moment equation gives 
A, 0 (7) 


where A, allows for the fact that the co-ordinates are not equilibrium values. 
Consider now substitution of an additional mass Am, in the j-th position. An 
application of the first moment equation to the substituted molecule gives 


mAr, Ar,) (m, + Am,)(r, Ar,) mM,A(T; Ar,) + A, 0 (8) 


where Ar, (equal to r, r,) is the change in r, on substitution in the j-th position 
and A, is the equivalent term to A, in equation (7). From equations (7) and (8) 
M + Am, A, —A, 


- Ar, 


(9) 
Am, Am, 


where WM = m, + m, + m,. Equation (9) is exact and is algebraically equivalent 
to Prerce’s relationship apart from the term (A, — A,)/Am,. 

If r, and r, are equilibrium values, A, = A, = 0 and it follows that the 
co-ordinate r, will also be an equilibrium parameter. In practice, however, equilib- 
rium values for r, and r, are not available and are approximated by the single- 
substitution method. Equation (9) now becomes in PIeERCE’s notation [3] 


M 4 
Am, My, 


(10) 


For diatomic molecules where A, A, = 0 again & mr, 0 and r, is auto- 
matically anchored to an r, value. If in polyatomic molecules © mr, = 0 (and this 
has been shown to be a reasonable approximation in a number of cases) then there 
too the placing of an atom by the Prerce method will result in an r, parameter. 
Thus although the double-substitution method has great value, where the first- 
moment equation cannot be directly applied, its use does not inevitably lead to a 
value significantly different from that obtained in the CosTAIn analysis. 


Diatomic molecules 


Table 2 shows r, solutions for a number of diatomic molecules. They conform 
closely to the relationship (7, = 7, — r,/2) given by Costary|2]. Molecular hydrogen 
is perhaps the most interesting example as it shows the largest change in « on 
isotopic substitution of any molecule. Its conformity to the relationship between 
r,, r,, and ry, illustrates the fact that changes in «/B,* on isotopic substitution are 
the determining factor and not changes in « alone. Deuterium chloride and 
deuterium bromide also show large changes of « on tritium substitution and 
together with the hydrogen molecule show a large enough variation in ry, values to 
illustrate the improved consistency of the r, bond distances over the ry values. 
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Further, the deviation of the r, values from the equilibrium value is half the 
corresponding deviation of the ry values. 

Calculations using the Prerce method [3] have been applied to H,, DBr and 
DCI. For H, the three species H,, HD and D, have been used to obtain a double 


Table. 2. r,, r, and ry, bond distances in diatomic molecules 


Ar. Ary 


0-0093 ‘75100 
HD 74552 0-0039 0-0080 74964 
74532 0-0036 00-0065 ‘74818 
HT 74608 0-0044 0-0077 ‘74938 

*D, | 0-0036 
HD ! 

*D 0066 ‘2812 
2704 2776 0030 0066 ‘2812 

*T 0054 2800 
T 37] 2776 OO54 

*D 4214 

0031 0069 ‘4214 
0056 4201 
06-0030 056 4201 


O028 2-9476 
0028 2.9476 
O-0010 0028 


003 ‘5377 
003 5376 
0-00] 003 5377 
0-00] 003 5377 


e355] °K ¢ 2- 6666 0041 2.6707 
0041 2-6707 
2.6686 0-0020 0042 2.6708 


ei for substitution 
given by HerzBerc 


iing data has been taken from Townes and ScHAWLOw [7]. 


substitution parameter, r,, for the H—-H bond. In the case of DCl and DBr and r, 
parameter for the halogen atom has been derived from the change in the deuterium 
co-ordinate on substitution in the halogen position. The r, and r, co-ordinates are 
4) G. He RZBERG, » pet tra of Diatom: Molec ules. Van Nostrand, New York (1950). 

5) M. Cowan and W. Gorpy, Phys. Rev. 111, 209 (1958 


6) C. A. Burrus, W. Gorpy, B. Bensamin and R. Livinestron, Phys. Rev. 97, 1661 (1955). 
7| C. H. Townes and A. L. Saawtow, Microwave Spectroscopy. McGraw-Hill, New York (1955). 
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rs = — r 
2 
*79Br 
2.9458 
#12¢* 
325 
1-5362 
BC 1-5362 
* Ind ites the original molecules u ileulations 
+ Ti data on H. and its species 1s 4). 
Cowan and Gorpy [5). 
§ Br RRUS ef al 
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listed in Table 3. The two sets of parameters are in close agreement as is expected 
from the previous discussion. 

In Table 4 a further fourteen diatomic molecules are considered for which 
insufficient data are available to obtain a complete r, structure. In these molecules 
one atom has been located by substitution and the other by the first-moment 
equation. Because © mr, = 0 for a diatomic molecule the placing of an atom by the 
first-moment equation gives in fact an r, co-ordinate and thus the internuclear 
distance (labelled r,’ in the table) should conform to the relation r,’ = (r, ro)/2. 
Table 3. r, and r, co-ordinates of H in H,, and the 

halogen atoms in D Br and D *C] 


mean r, 


H, 0-3728 0-3722 0-0006 
D 0-0353 0-0351 0-0002 
D 35¢4 0-0696 0-0694 0-0002 


This relationship is seen to hold in most cases. There are a few exceptions, but a 
closer examination of the mechanics of these systems shows that the discrepancies 
lie within reasonable experimental error. For example in the case of NaBr, the 
bromine co-ordinate is calculated to be 0-5642 + 0-0008 A from the species Na ™Br 
and Na*'Br: then for the sodium co-ordinate ¥ mr, 0 gives 1-937 + 0-003 A. 
Any inaccuracy in placing the bromine atom is amplified by a factor of approxi- 
mately four in placing the sodium atom. Thus the discrepancy in r, for NaBr is 
reasonably explained. Errors of this type emphasize the care which must be taken 
before deciding on a particular method of structure analysis. 


Triatomic molecules 

CosTAIN |2] has calculated r, solutions for three triatomic molecules HCN, COS 
and N,O, and by comparison with the available equilibrium data has substantiated 
his method of structure analysis. Particularly noteworthy is his use of the first- 
moment equation to locate the central nitrogen atom in N,O where the single- 
substitution method yields an imaginary co-ordinate. Pierce |3] has also used the 
placing of this atom to test the double-substitution method. The good agreement 
obtained between the two methods can be appreciated from the comparison given 
previously in this paper. 

In the present work a double-substitution parameter has been calculated for the 
carbon atom in HCN using the species HCN, H'8CN, DCN and D'3CN. The 
resulting r, co-ordinate differs by no more than 0-0008 A from that obtained by the 
single-substitution method. 

Similar calculations have been attempted for COS. Using the species COS, 
CO*S, 13COS and '3CO*S a double-substitution co-ordinate has been derived for 
the carbon atom. In this case however the r, and r, parameters are found to differ 
by as much as 0-01 A. 

The application of the double-substitution method to these three molecules, 


therefore, yields co-ordinates which offer no improvement over those obtained from 


—% 
961 
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Table 4. r,’, 7, and r, bond distances in diatomic molecules* 


Ar,’ 


‘1309 
16¢) 1-1294 0012 0026 
Cs 3-0720 029 3-0749 
‘Br Cs ‘0028 3-0748 


Br F 003 ‘7622 
F O03 -7622 


Br K 2 003 2-8243 
K 9.29% 003 2-8243 


7?Br Na 2-5020 0039 
‘Br Na 2.5008 2?-5059 


C's 2-9062 0035 2-9097 
2-Q078 OOLG 0034 


0036 6317 VOL. 
6300 OO19 0036 6317 17 
196] 
003 
003 


0035 2-7903 
OO35 0035 2-7903 


0034 30512 
0033 B-O511 


2- 3919 2-3979 
0029 0055 2-3074 


31769 0026 3-1795 


OO14 0026 31795 


1-609] O106 6197 
11-6134 0043 OO75 6166 


9257 
00-9205 0034 9232 


5) and {7}. 


8) M. Cowan and W. Gorpy, Phys. Rev. 104, 551 (1956). 
|9| G. Herzpere Spectra of Diatomic Molecules. Van Nostrand (1950). 


1236 


F 
| 
2 

3-0492 0 
2-3948 0 
I 
**Rb 31783 
DF 
* See Refs | i777 


Near-equilibrium bond distances in simple molecules 


the CosTarn analysis. In fact the calculation made on COS emphasizes that, while 
in certain cases the use of the double-substitution method may be very desirable, 
highly accurate data is required for its application. 


Table 5. r, and r, co-ordinates of the carbon atoms in 
HCN and COS. Data used for calculating this table 
comes from ToOWNEs and [10] 


A 


0-56009 
0-51239 


0-O0078 
0-00946 


Tetratomic molecules 

Normal acetylene is the largest molecule for which equilibrium data are avail- 
able. Accurate B, and B, values have been determined from the vibration— 
rotation spectra of C,H, [11], C,HD [12] and C,D, [13]. As the data is limited to 
deuterated species, only the distance of the hydrogen atom from the centre of 
gravity can be obtained by substitution, and the comparison with the equilibrium 
data is thus between 7,(H) and the sum [r,(CH) + 47,(CC)]. This comparison is 
shown in Table 6 where r, values have been calculated for the three available 


isotopic combinations. In all cases the r, values agree with the equilibrium value 


within experimental error. The r, solution least sensitive to experimental error, 
obtained from the combination C,H, and C,D, is only 0-0004 A greater than the 


equilibrium distance. 


Table 6. r, (H) co-ordinates in C,H, 


Data used in calculating this table is taken from 


CHRISTENSEN et al. [14] 


1-6612 O-0015 1-6608 0-0004 
C,H., 1-6639 — 0-0025 0-0031 
L-6587 00-0029 0-002] 


The observation that r(CH) is less than r(CH) while 7,(CC) is greater than 
r (CC) has been interpreted by OvVEREND |15] in terms of negative « contributions 
associated with the bending modes. A consideration of the procedure for calcula- 
ting the r, structures suggests that this interpretation is not necessary to understand 


the inversion of the 7), r, relationships. Solution between the J, values of the 
isotopic pair C,H, and C,D, given in Table 6 yields a substitution distance r,(H) 


[10) C. H. Townes and A. L. ScHaw Low, Microwave Spectroscopy. McGraw-Hill, New York (1955). 

{11) T. A. Wicerns, J. N. Saearer, E. R. Suuue and D. H. Rank, J. Chem. Phys. 22, 547 (1954). 

{12| J. OveREND and H. W. Tuompson, Proc. Roy. Soc. A234, 306 (1956) 

{13) J. OvEREND and H. W. THOMPSON, Proc. Roy. Soc. A232, 291 (1955). 

|14) M. T. Curistensen, D. R. Eaton, B. A. Green and H. W. THompson, Proc. Roy. Soc. A238, 15 
(1956-57). 

[15] J. Overennb, Trans. Faraday Soc. 56, 310 (1960). 


237 


| 
HCN 0-55931 
COS O-52185 
OL. 
r, Ay i 
4 


J. K, Broww and A. P. Cox 


which is expected and found to be a near-equilibrium distance and which is less than 
the true r, value. Substitution of r(H) back into the moment of inertia equation 
means that the carbon atom must be moved away from the centre of gravity so that 
the /, value may be satisfied. The effect of this is to make ro(CC) greater than r(CC) 
and r,(CH correspondingly less than r(CH 


Other molecules 


Spectroscopic data for methane [16-19], ethylene 20, 21) and benzene | 22] are 
available from infra-red and Raman measurements but no equilibrium distances 
are known for these molecules However, because of their fundamental importance, 
it has been thought worthwhile to examine the possibility of obtaining near- 
equilibrium parameters from the existing data 

An equilibrium value for the ( H distance in methane has been quoted | 23] 
but this has been shown to be unacceptable 1%). Are-examination of the vibration 
rotation spectra of both ¢ H, and ¢ D, has resulted in a considerable revision of the 
B, values. The new data bring r,(CH) for these molecules into close agreement with 
those obtained for CH,D and CD,H, but the B, values still remain uncertain. The 
analysis is complicated by the existence of Cortoxis interaction and the reliability 
of the results is difficult to assess In the present work an attempt has been made to 
calculate values for the ( H bond using different combinations of CH,. CH,D, 
CHD, and ¢ D,. The parameters obtained are not sufficiently consistent to offer any 
advantage over the ro value of 1-092 A. This disagreement suggests that a further 
re-assessment of the data for these molecules is needed if B, could be given for 
CH, and ¢ D, with a certainty greater than 1-005 em! then an r. value for CH 
could be calculated to within —0-002 A. 

For ethvlene Srorcuerr {20} has used the Raman data for C,H, and CD, to 
obtain values of the { H, configuration for a series of assumed ( ( bond 
distances. In the present an ily sis the yy, co-ordinates of the hvdrogen atoms have 
been calculated from Raman values for A/,. Either A/,. or A/;, may be used to 
evaluate the x, co-ordinate of the hydrogen atoms Here an average of AJ, 
obtained from the infra-red [21] and Raman data has been adopted since there is 
hetter agreement between the two methods for the C, than for the B, values. 
Moreover, the C, values have been cited with a smaller tolerance in the Raman data. 
If x, and yy, calculated in this way are combined with an assumed (C—C bond 
length of 1-338 0-005 A then the values r (CH) 1-084 0-006 A and CH, 
116° SS 40° are obtained 


For benzene twenty « values are required for B at present only one is known. 


Accurate 4, data are available from Raman spectroscopic measurements on C,H, 


and (,D,. These data have been used to calculate a substitution value for the 


DMAN, J. RomManko and H. L. Weusn, Can. J. Phys. 33, 138 (1955) 
J. Boyp and H. W THOMPSON, Trans. Faraday Soc. 49, 1281 (1953). 
H. Bovey, J. Chem. Phys. 21, 830 (1953). 
SHEPHERD and H. L. Wetsn, J. Mol Spectroscopy 1, 277 (1957) 

- DowLine and B. P. Storcuerr, Can. J. Phys 37, 703 (1959) 
ALLEN and E. K. Pryer, J. Am. Chem. Soc. 80, 2673 (1958). 

P. Srorcuerr, Can. J Phys. 32, 339 (1954) 

M. Kaytor and A. H. Nievsen, J. Chem. Phys. 23, 2139 (1955). 
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Near-equilibrium bond distances in simple molecules 


radial distance of the hydrogen atoms from the centre of the ring r,, 2-482 
0-004 A. From the assumed D,, symmetry of the molecule this distance yields a 
near-equilibrium proton—proton distance of 2-482 0-004 A, 


Complete r, structures could, in principle, be obtained for ethylene and benzene 
if B, values for the species '°C,H, and '°C,H, were available. Complete substitution 
with carbon-13 would give a value AJ, of 0-898 a.m.u.A? for ethylene and 
5-88 a.m.u.A® for benzene, corresponding to changes in B, of 0-0507 em and 


0-0118 em~! respectively. Measurements of the accuracy already obtained for 
benzene would give r(CC) in this molecule to within —0-004 A. For ethylene the 
present accuracy would need to be improved by a factor of two to make the 
carbon-13 substitution worthwhile. 
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The erystal field which surrounds a polyatomic ion in a crystal lattice acts as a 


mon the vibrational levels and influences them to a large extent. It depends upon 


etry of the rrounding field whether degenerate vibrational levels may be split and 


vibrations mav become active The influence of the (face-centred) 
vibrations of the borohydride ion, imbedded in the lattice of the 


med. The local symmetry group of the BH, ion is found to be 7’, in the 


d 


The infra-red spectra 


Tue infra-red spectrum of the solid solution of BH, in the face-centred cubic 


alkali-halide lattices shows three strong bands occurring around 1100, 2200 and 


2260) om 


l 


and a broader, weaker band around 2350em~'. Typical spectra are 


shown in Figs. | and 2 


2350 2400 


stretching region of the BH,~ ion imbedded in the KI lattice 
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The borohydride ion (BH,~) in a face-centred cubic alkali-halide lattice 


The frequencies of the bands depend on the particular alkali-halide in which 
the ion is imbedded (Table 1). SrtrasHermm and Butss [1] found that a graph of the 
frequency vs. the combined contribution of repulsive, dipole-dipole, and dipole 
quadrupole interaction energies to the lattice energies of the alkali-halides, yields 


10 


cm 


Fig. 2. The bending region of the BH,~ ion imbedded in the KI lattice 
25°C; 


Table 1. The vibrational fre quencies of the BH, 
ion in the alkali-halide lattices at 25 ( 
(UB Isotope) 


NaCl 7 2382 2495 
Nabi 3: 23: 225 2430 
Nal 

KCl j 2328 2428 
KBr : 229: 2391 
Kl 225 2350 
Rbcl 2300 2395 
RbBr 227% 2369 
2335 


a straight line. The short range forces, especially the repulsive forces, are, for the 
most part, responsible for these frequency shifts. 

All these bands are slightly asymmetrical at room temperature, with a shoulder 
at the higher wave-number side due to the isotope 'B. At the temperature of 


1} A. and K. Buws, J. Chem. Phys. 94, 691 (1961). 
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liquid air (—182°C), the strong bands show a pronounced narrowing, isotopic 


(4B 'B) splitting and a slight shift to higher wave numbers. There is no 


evidence of splitting of the degenerate (F,) levels. 


Discussion 


The site-group analysis [2] cannot be used for the determination of the sym- 


metry of the crystal field which acts on a single BH,~ ion, substituted for an X~ ion, 


in an alkali-halide lattice: the site-group analysis was deduced for a complete 


crystal of one compound in which the translation vectors, a, b and e generate the 


lattice. In a solid solution there are no translation vectors. i.e. a solid solution is 


not a crystal in the usual sense of the word. 


The space group of the face-centred cubic alkali-halide lattices is 0,5. The 
spherical anions occupy a lattice site of which the symmetry is O,. The BH, ion 


is not spherical and consequently the orientation (and position) of the ion in the 


lattice is important; the local symmetry of the BH, ion depends upon both the 


orientation and the position of the tetrahedron in the alkali-halide unit cell. 


The local symmetry (point) group of a complex ion or molecule in a lattice is 


detined as that group which is generated by the common elements of the point 


group of the complex ion (or molecule) and the relevant site group of the alkali- 
halide. 


The following local symmetry groups are generated by the common elements 


of O, and 7, when the equilibrium centre of mass of the ion is on the lattice site: 


T,, T. Sq. Dos Cop. Cy, Co, C, and C, [3]. 


Spatial considerations make it most improbable that the complex ion is not 


with its centre of mass on the lattice site. 


The local symmetry group with the greatest order which can be generated by 


the common elements of O, and T,. is T,. i.e. the field which acts on the ion has 


tetrahedral symmetry and is unable to remove the degeneracies of the F, and E 


levels of the 7’. ion. 


When the local symmetry group is of lower order than that of 7',, for example 


l’.. the field causes the degenerate levels to split as follows: 


A B, 
F, 
|B, 


Thus, if the order of the local-symmetry group of the tetrahedral BH,~ ion in a 


face-centred cubic alkali-halide lattice, or in any other lattice, is equal to or lower 


than the order of V’,, the degeneracy of the EF and F, levels is removed. The 


splitting in a degenerate level should be observable in the infra-red spectrum if 


transitions to at least two of the levels are allowed by the selection rules (as, for 
instance, in the spectrum of the low-temperature phase of NaBH, [4)). 
If. for instance, the local symmetry of the BH, ion in the face-centred cubic 


2 Harrorp, J. Chem. Phys. 14, 8 (1946). 
(3) E. B. Witson, J. C. Decrus and P. C. Cross, Molecular Vibrations. McGraw-Hill, New York (1955). 
4) C. J. H. Scuwrre, Spectrochim. Acta 18, 1054 (1960). 
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alkali-halide lattice is V,, the bands due to the two triply degenerate modes (Ff) 
should each be split into two bands as both the B, and EF components are infra-red 
active under V’,; the splitting of the 2 mode into A, and B, would not be observed 
in the infra-red spectrum, as transitions to both these levels are forbidden by the 
selection rules under V,. 

The bands in the infra-red spectrum of such a BH,~ solid solution are broad at 
room temperature. They narrow considerably when the solid solution is cooled 
down to —182°C, but no other splitting can be detected than that due to the 
isotopes. 

From the absence of splitting of the degenerate modes and from the absence of 
tetrahedrally forbidden bands in the spectra of the solid solutions, it can be con- 
cluded that the position of the tetrahedral BH,~ ion in the alkali-halide lattice is 
such that its centre of mass coincides with the lattice point of which the site sym- 
metry is O,, and that the local symmetry group of the ion, when the three-fold axes 
coincide with the three-fold axes of the crystal, generated by the common elements 
of the site group and the ionic point group, is 7’,. 

The perturbation (due to the crystalline field) which acts upon the ion in the 
lattice of the solid solution is thus tetrahedral. This tetrahedral perturbation shifts 
the levels, but does not split the degenerate levels. The selection rules, in any case, 
allow two triply degenerate fundamental modes (/',), as well as a number of over- 
tones (e.g. 2v,) and combination levels (e.g. v, + v4) to be infra-red active. 

The intensity of the 2v, band seems to be abnormally large for an overtone. It 
is possible that 2», borrows intensity from rv, by Fermi resonance; both levels 
transform like of 7’,. 

Care must be taken in the interpretation of the spectra of inorganic salts which 
are imbedded in matrices of alkali-halides. Solid solution formation ean occur, 
especially when the ions are small. (See for example, references [5, 6]). When 
mixed-crystal formation does occur, degenerate levels may be split if the ion is not 
with its centre of mass on the site or if the local symmetry of the ion in the lattice 


is lower than the symmetry of the “free” ion. During the preparation of the pellet, 


1 
J 


double decomposition may occur; this was demonstrated by KereLaar e¢ al. [5 


in the case of the bifluorides. 
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Abstract—The °F NMR spectra and the infrared spectra of two fluorocarbon—metal derivatives 
C,F,Mn(CO), and C,F,Fe(CO),C5H, are reported and discussed. Evidence is presented which 


indicates that the compounds are perfluoropropeny! metal derivatives. 


Ir 1s known that the sodium salts NaMn(CO), and NaFe(CO),.C,H, when treated 
with pertluoroally! chloride afford compounds of formula C,F;Mn(CO), [1, 2] and 
C.F [3, 4], respectively. Since perfluoroallyl cbloride is a reactant in 
these reactions, the (,F, groups in the products might have been pertluoroally! 
groups ¢o bonded to the metals. However, a cursory examination of the *F NMR 
spectra of the compounds suggested that the C,F; groups were present as pertluoro- 
propenyl groups. In this paper we report a more detailed study of the F nuclear 
magnetic resonance and infrared spectra of the compounds, which confirms the 


earlier inferences concerning the nature of the C,F, groups. 


Experimental 

Fluorine NMR spectra were recorded at 40 and 56-4 Me by means of a Varian 
Model V-4300B high-resolution spectrometer equipped with a flux stabilizer. A 
precision audio-oscillator and associated frequency counter were used for measure- 
ments of line separations. The samples were contained in 5-mm o.d. Pyrex sample 
tubes sealed under vacuum. Trichlorofluoromethane was used as both solvent and 
internal reference for the fluorocarbons. Because of solubility limitations, the two 
perfluoropropeny! transition metal compounds were dissolved in tetrahydrofuran 
(15 mole per cent solution). Dilution did not significantly alter chemical shifts. 
For example, over a concentration range of 6-51 per cent in CCI,F, the chemical 
shifts of a cis—-trans mixture of perfluorobutene-2 did not vary by more than | p.p.m. 
Line positions were determined by the method of superposition, or are the averages 
from at least six calibrated traces. Chemical shifts are considered accurate to 

1-0 p.p.m., and the spin coupling constants to + 1-4 e/s. 

Infrared spectra were recorded using a Perkin-Elmer Model 21 double-beam 


* For Part V of this series, see E. Prrcner, A. D. BuckincuamM and F. G. A. Stone, J. Chem. Phys. 
In press 
D. Kagsz, R. B. Kine and F. G. A. Stone, Z. Naturforsch. 15b, 763 (1960). 
R. J. Am. Chem. Soc. 83, 1598 (1961). 
B. Krxe, P. M. Treicwer and F. G. A. Stoner, Proc. Chem. Soc. 69 (1961). 
. B. Koyo, 8. L. Starrorp, P. M. Trercner and F. G. A. Stone, J. Am. Chem. Soc. 83, 3604 (1961). 
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Spectroscopic studies on organometallic compounds—VI 


spectrophotometer. ‘Tetrachloroethylene solutions and calcium fluoride optics 
were used in measuring the carbonyl stretching frequencies, while all other bands 
were observed using carbon disulfide solutions with sodium chloride optics. Spectra 
were calibrated immediately against known air peaks. 


Discussion 
(a) *F NMR spectra 


On the basis of simple first-order theory the '*F NMR spectrum of a perfluoro- 
allyl group would be expected to consist of four multiplets with intensity ratio 
2:1:1:1, the strongest multiplet consisting of eight lines of equal intensity and each 


Table 1. Fluorine chemical shifts* 


X(3) 


Compound * 


ICF:CF F 5 185 
CF Mne 0), 165 


* Chemical shifts are in p.p.m. relative to CCl, F (0-0 p.p.m.) increasing to high field. 

+ In a cis—trans mixture of CF,CF=—CFCF, the absorptions due to fluorine atoms of th CF, groups are 
centered at 67 and 69 p-p.™m., while those due to the fluorine atoms of CFr— groups are cente red at 
142 and 159 p.p.m. 


Table 2. Fluorine spin coupling constants (¢/s)* 


Compound X14) X/3) X(4) 


, X,.). ete., refer to the structural formula. 
+ Data from Refs. [5 and 7}. 


of the other multiplets appearing as four triplets. In fact, perfluoroallyl chloride 
has just such a spectrum, with chemical shifts and spin coupling constants as 
summarized in Tables | and 2. However, the *F NMR spectra of the compounds 
C,F;Mn(CO), and C,F,Fe(CO),C.H, consist of three multiplets of relative intensity 
3:1:1. The largest multiplet in each spectrum is a quartet of intensity ratio 1:1:1:1, 
while each of the two weaker absorptions is a doublet, both lines of each doublet 
being further split into quartetsof intensity ratio 1:3:3:1. Such NMR spectral patterns 
indicate that the two fluorocarbon—metal derivatives are perfluoropropenyl rather 
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X(1) |__| 
X(9) X(4) 
X(4) X(9) X(3) X(4) 91) 93) O14) 
CF, 107 93 
106 95 
17 CFs 95 
9 6 ] SH 
‘CLCF,t CF, Cl F 12 21 
cis-CF,CIC :CFCIF CF, Cl Cl 23 
CF,CICF:CF, CF,Cl OF F F 118 56 39 #6 31 
CF,CF:CFMn(CO), CF, F F Mn 127 12 23 
CF,CF:CFFe(CO),C.H, CF, Fe 131 13 22 
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than perfluoroallyl compounds. The most intense absorption in the spectrum of 
each of the compounds must be due to the perfluoromethyl group, which is spin 
coupled with both =-CF— fluorine atoms to yield four lines of equal intensity. The 
two weaker multiplets arise from the two —CF— fluorine nuclei, each of which is 
split by the other =-CF— fluorine atom into a doublet, and further split by the 
perfluoromethy! group to produce two quartets. The chemical shifts and spin 
coupling constants for the two organo-metal compounds are summarized in Tables 
l and 2 

In the reaction between perfluoroallyl chloride and the salts NaMn(CO), or 
NaFe(CO),C.H, it is conceivable that the perfluoropropenyl compounds would be 
formed as mixtures of cis- and frans-isomers. It is, therefore, interesting that the 
simplicity of the “"F NMR spectrum of each compound reveals that the products 
are predominantly (if not exclusively) a single isomer. Moreover, the range 
previously found for spin coupling constants in fluorodlefins is 115-124 ¢/s for 
J yy(trans) and 19-58 e/s for J»,(cis) [5, 6]. Since spin coupling values of 127 and 
131 e/s were found for J», in CF,CF:CFMn(CO), and 
respectively, it appears that the two perfluoropropenyl compounds are the trans- 
isomers. It will be noted that the trans-coupling constants for C,F;Mn(CO), and 
C.F -Fe(CO 
5,6), indicating that the range of frans-coupling constants between fluorine atoms 


oH, are somewhat higher than J,,(frans) values previously reported 
is extendable to 131 e/s. 

\s mentioned above the two weaker multiplets in the NMR spectra of 
C.F Mn(CO), and are due to the fluorine atoms of —CF— groups. 
In order to assign these absorptions to a particular =—-CF— group, the “F NMR 
spectra of the tluorocarbons CF,CF:CF,, CF,:CFCF,CI and CF,CF:CFCF, (cis—trans 
mixture) were studied. The chemical shifts and spin coupling constants observed 
for these fluorocarbons are listed in Tables | and 2, respectively, along with the 


previously reported spin coupling constants for the compounds CF,¢ “(1-4 I, and 


1:CFCI 5, 7 From the chemical shift data it is evident that the resonance of 


group fluorine atom gem to a - group occurs at higher field strength 

he resonance due to a =-CF— group fluorine atom cis to a CF, group. Thus 
ibsorptions which occur near 165 and 90 p.p.m. in the spectra of the two 
perfluoropropeny! metal compounds must be due to fluorine atoms gem and cis to a 
('F. group, respectively. This assignment of resonances of the —-CF groups from 
chemical shift is supported by the spin coupling constants. In the fluorocarbons 


the co ipling between fluorine atoms of a ¢ F. group and the fluorine atom of the 


CF group gem to it Ji in Table 2) is less by about 10 c/s than the coupling of 
F 


the fluorine atoms of a ¢ group with the fluorine atom of a —-CF— group cis to 
It lable 2 Inthe NMR spectra of both .Mni(( O), and 
the CF ibsorption which occurs at highest field has the smaller separation 
between lines in each quartet, so it is reasonable to assign this multiplet to the 
fluorine atom of a =—CF— group which is gem to a CF, group. 

Due to the high electronegativity of fluorine, the resonances of the fluorine atoms 


and A. D. McLeaw.. hem. Phys 24, 470 (1956) 
F. G. A. Stone. Spectrochim icta 17, OOS (LO6L) 


25. 184 (1956). 
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in the perfluoropropenyl group of CF,CF:CF—F would be expected [8—10] to oceur 
at lower field than the resonance of the corresponding fluorine atoms in either 
CF,CF:CFMn(CO), or CF,CF:CFFe(CO),C;H,;. Just the opposite trend in chemical 
shifts is observed, and for reasons discussed elsewhere [11] it may be that the para- 
magnetic contribution to the screening constant of fluorine atoms is more significant 
than the diamagnetic contribution. 


(b) Infrared spectra 

The infrared spectra of CF,CF:CFMn(CO), and CF,CF:CFFe(CO),C;H, are 
very similar (Table 3). The positions of the C=C stretching bands in the two 
compounds are characteristic of a CF,CF:CF—X rather than a CF,:CFCF,—X 
grouping {12}. 


Table 3. Infrared spectral bands (em 1)* 


CF,CF:CFMn(CO), Assignment 


2133 (m) 
2045 (vs) 2050 (vs) CO stretches 
2021 (s) 2004 (vs) 
1980 (vw) 1973 (vw) CQ stretch (7) 
1647 (m) 1645 (m) C—C stretch 
1319 (s) 1320 C—-F(CF,) stre 
1261 (m) 1264 
1241 (vw) 
LIS9 (s) L185 ‘F—) stretch 
1127 (s) 1124 (s) Fr ‘F—) stretch 
L057 (m) 1055 (m) tch (svm.) 
935 (w) 1015 (w) 
844 (m) vibration 
806 (m) S12 (m) ‘"-C stretch 
785 (sh) 
(s) 678 deformation 
651 (vs) Mn—CO stretch 


* For conditions of measurement see experimental section. Assignments 


correlation with spectra reported in the literature, and should be considere¢ 


It is interesting to compare the carbonyl frequencies of o-perfluoropropeny!- 
manganese pentacarbonyl with those of c-allylmanganese pentacarbonyl [13] 


The carbonyl bands of the former compound are at 2133, 2045 and 2021 em~!, 
while those of the latter are at 2108, 2014 and 1993 em~!. The carbonyl! stretching 


frequencies are thus about 30 cm~' higher in the fluorocarbon—metal compound. 
This is as expected since a perfluoropropeny! group can lower the electron density 
about manganese more effectively than can a o-allyl group, both by an inductive 


H. 8. Gurowsky and C J. Horrman, J. Chem. Phys. 19, 1259 (1951). 
H. 8S. Gurowsky, D. W. McCaut and C. P. Sticurer, J. Chem. Phys. 21, 279 (1953). 
<. L. Mverrerties and W. D. Puriiurps, J. Am. Chem. Soc. 81, 1084 (1959). 
©. Prrener, A. D. BuckincHaM and F, G. A. Stone, J. Chem. Phys. In press. 
L. Starrorp and F. G. A. Srone, Spectrochim. Acta 17, 412 (1961). 
1. D. Kaesz, R. B. Kine and F. G. A. Svong, Z. Naturforsch. 15b, 682 (1960) 


1247 


OL. 
17 
96] 
were made by 
tentative 
] 
1! 
12) § 
13) 1 


Prrower and F. G. A. Sront 


mechanism and by a mesomeric effect involving d-electrons of manganese and the 
anti-bonding orbitals of the perfluoropropenyl group. Consequently in o-per- 
fluoropropenylmanganese pentacarbony! d-electrons of manganese are less available 


to partake in 7-bonding of the type Mn=-C=-(O than in o-allylmanganese penta- 


carbonyl, resulting in an increase in the carbony! stretching frequencies. 
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Abstract 


alkaline earth halides. These spectra in the 300-600 cm! region are interpreted as arising from 


Infrared spectra are reported of nine mono- and dihydrates of alkali halides and 


the librational modes of the bound water molecules as shown unambiguously by the frequency 


changes on substitution of deuterium oxide. Potential constants for this motion are given. 


Samples were prepared by evaporation of salt films in situ and the method is seen to be of value 


for studying the limits of phase stability of unknown hydrates and related compounds. The 


number of bands observed in this region indicates for all cases studied the number of water 


molecules with different crystalline environments 


Introduction 
THE crystal structures and especially the positions of hydrogen nuclei in hydrates 
of alkali and alkaline earth halides have not received the attention that might have 
been expected in view of the long-sustained general interest in the hydrogen 


bond [1]. Studies of hydrogen positions in solids can only be made definitively 


by neutron diffraction, but with some reasonable assumptions, insight into the 


question of the structure of water in hydrates can be gained using proton magnetic- 


resonance spectroscopy. A careful and systematic investigation of this latter type 
has recently been published by McGraru and Siivrp1 [2]. They were able to show 
that in eleven mono- and dihydrates of greatly differing origins over the Periodic 
Table the dimensions of the water molecules are remarkably constant, and the 
waters are oriented in directions favorable for hydrogen bonding to electronegative 


neighbors. 

<eports have appeared of infrared spectra of hydrates |3—7], and such information 
coupled with structural data is valuable for probing the external potential field 
of the water molecules. The librational and translational modes of the trapped 
molecules are the most sensitive to environment and these all lie beyond 800 em~. 
The librational frequencies by analogy to those of ice [8] should be observed at 
higher wave-numbers than the translational ones. Of the representative papers 
mentioned above only that of MILLER et al. [6] gives spectra of hydrates in the 


* Present address: Laboratorium voor Fysische Chemie, Der Universiteit van Amsterdam, The 
Netherlands. 

[1] G. C. Pimenrer and A. L. McCLte titan, The Hydrogen Bond. Freeman, San Francisco (1960). 

}2) J. W. McGrartnu and A. A. Stirvipr, J. Chem. Phys. 34, 322 (1961). 

|3| P. J. Lucenest and W. A. Giasson, J. Am. Chem. Soc. 78, 1347 (1956). 

[4] W. Lyow and E. L. Kinsey, Phys. Rev. 61, 482 (1942). 

|5) E. Harrert and O. Giemser, Z. Electrochem. 60, 746 (1956). 

F. A. G. L. Carison, F. F. Bentritey and W. H. Jones, Spectrochim. Acta 16, 135 (1960). 
C. Duvat and J. Lecomte, J. chim. phys. 50, C64 (1953). 

|8| P. A. GieuBre and K. B. Harvey, Can. J. Chem. 34, 798 (1956). 
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region beyond 800 cm~', and since their interest was in spectra of inorganic ions, 
only two of their hydrate spectra were of simple halides. 

The present study of the librational spectra of water in crystals was undertaken 
in order to evaluate some of the parameters of the potential restraining the motion 
of the water molecule in hydrates. It was hoped that a comparison with the spectra 
of wet, unhydrated salts might further yield information on the trapped or adsorbed 
water there. 

Experimental 

Samples were prepared in situ by evaporation of the halide through an orifice 
in a Knudsen cell and condensation onto a cooled cesium bromide window. The 
evaporation cell was machined from a molybdenum block and heated with six 
coils of Mo wire inserted into holes in the rear of the block and insulated with 
Alundum tubing. During the deposition of the halide sample a vacuum sufficient 
to produce an unscattered molecular beam was maintained in a brass box which 
fitted between the spectrometer source and slit windows. This box supported a 
liquid-nitrogen dewar. The condensed salt film could be maintained at any 
temperature between 77° and 450°K by filling the dewar with suitable coolant and 
raising the temperature of the window frame with a nichrome heating coil. The 
frame was connected to the bottom of the dewar through a variable heat leak. 

To hydrate or wet the salt water vapor was admitted at any desired pressure 
by controlling the temperature of an external bulb containing liquid or solid H,O 
or D,O. Pressures required to prepare the given hydrates were obtained from 
published phase diagrams [] with the exception of the previously unknown hydrate 
of sodium iodide, the phase limits of which are now being studied.* On varying the 
temperature of the deposited films and the vapor pressure of water over them, the 
phase transitions could readily be followed by observation of rather sharp changes 
in the infrared spectra. In most cases this was easily done by repeated rapid 
scanning of a small wavelength interval in the 3 «4 region. Most transitions showed 
a retardation of about 5° on cooling as well as on warming, but this raised no serious 
problems. All known phases could be obtained and identified. The heavy water 
hydrate phases were investigated at the same temperatures and vapor pressures 
as the normal hydrates. 

All spectra were obtained on a Perkin-Elmer model 112 single-beam double- 
pass spectrometer with NaCl and CsBr optics. Of most interest to the authors was 
the 300-800 cm! region; in the 6 « and 3 « ranges band structure could not be 
resolved so the information obtained from the intramolecular modes is of minor 
value. 

Results of hydrates 

The spectra of ice on the window and of water adsorbed on evaporated CsBr 

both show one extremely broad band of about 300 em~ half-width, centered around 


700 to 800 em~'. The spectra of known hexahydrates are similar in the respect of 


showing very broad bands. These latter bands show some weak structure ranging 
from 500 to 700 em~!. The hexahydrates will not be discussed here. 


be publishe d 
9) International Critical Tables, Vol. VII, McGraw-Hill, New York (1930); Gmelins Handbuch de 


Anorganischen Chemie 
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The spectra of the mono- and dihydrates listed in Table 1 all show the same 
general features. The absorption in the region below 800 cm is far more intense 
than that in 3 uw and 6 w ranges and the bands are quite distinct with half-widths of 


} 


Transmission 


° 


/ 


cm 


Fig. 1. Infrared spectra of BaBr,.H,O and BaBr,.2H,O in CsBr region. 


5 
= 


ctra of BaCl,.H,O and BaCl,.2H,O 


Fig. 3. Infrared spectrum of NaBr.2H,O 


30-50 cm~!. In some cases two bands are observed while in others there are three 
or four. Examples are shown in Figs. | and 2. In Fig. 3 the spectrum of NaBr.2H,O 
is given over the entire range from 300 to 4000 em~'. 

With the heavy water hydrates not all of the corresponding bands would be 
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expected to be observed due to the long wavelength limit of 295 em~! for the CsBr 
prism. Nevertheless, many of them were found and identified. Wavenumber 


values are tabulated in Table 1. 


Table 1. Observed frequencies, final assignments and potential constants 


Force constants 


madyn/A) 


NaBr 2H,0 


Bat 2 HO 


Bat 


BaBr,.H,O 


BaBr,.2H,O 
HO!) 
HBr 


HO 


a Inferred from the present study. Complete structures unknown. The phase limits of the new 
monohydrate of Nal are to be published 

b A. T. Jensen, Kgl. Danske Videnskab. Selskab. Mat.-fys. Medd. 20, No. 5 (1942). 

e B. K. Varysters and Z. G. Prxsker, Zhur. Fiz. Khim. 23, 1058 (1949). 

d J.W. MeGratu and A. A. Sirvipti, J. Chem. Phys. 34, 322 (1961). NMR, erystal structure unknown. 

e A. T. Jensen, Kal. Danske Videnskab. Selskab. Mat.-fys. Medd. 22, No. 3 (1945). 

f A. WerL-MArRcHAND, Ann. phys. 2, 881 (1957). Raman. 

g F. A. Wooster, Nature 130, 698 (1932). Space group and cell dimensions only. 

h A. Beurats, Z. anorg. u. allgem. Chem. 235, 42 (1938). 

i Footnote [18 

J Footnote {19}. 


Interpretation of hydrate spectra 


As has been pointed out [10], absorption in the region beyond 800 cm~! must 
originate from librational modes of the whole water molecule in the crystal lattice. 


10) J. Lecomrer, J. chim. phys. 50, C54 (1953). 


> 
Wavenumbers 
Hydrat. Type of bound H,O Ref 
HO DO k kn ko 
HO H Br f. 500 sl 021 O10 | O10 
$05 va 
O---H—O—H br 625 vs 0-23 0-13 0-17 ‘5 
470 ve 
Nal .H,O I O-H I a 510 8) 350 vs 1-30 O14 009 06-07 47 
O---H—O—H I 585 vs $20 we 1-36 0-20 O12 0-18 20 
me 
Nal.2H,O I H © -H I 170 vs o-13 0-10 0-07 53 
1) vs 
Ho I 615 ve 0-23 0-20 4 
470 ve 
srt HO H h we 435 vs 1-35 0-20 0-09 0-00 
195 vs 
SrCl,.2H,O Ho -H---¢ 710 520 vs 1-37 O30 O15 O-13 66 VC - 
$80) 365 vs 17, 
‘ 575 ve 440 vs 1-31 0-20 0-08 O-O4 50 1061 
H—O- Cl e,! vs 105 vs 1-38 18 O10 0-02 78 
410 ve 
600 vs 515 vs 1-34 0-28 0-16 0-13 33 
520 370 sh 1-40 
Br H H Br a 550 vs $15 vs 1-33 0-07 0-02 48 
Br H -O—H-:-- Br a 550 vs 415 vs 1-33 0-18 0-12 0-20 20 
445 vs 
i 
0-03 
J 0-8 
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All of the bands observed in this study of the mono- and dihydrates beyond 800 em— 
show a frequency shift ratio of about 1/\ 2 on deuterium substitution. The bands 
therefore must originate from modes that involve mainly hydrogen motions. That 
is, they must be librational rather than translational in character. 

As seen in Table 1, there are five cases in which two symmetrical bands are 
observed and four other cases that show three or four bands. For free molecules 
or molecules on symmetrical sites, two of the three possible librations about the 
axes of inertia should be active for dipole transitions. Although the sites of the 
water molecules in most of the hydrates are probably not of symmetry as high as 
Czy, it is unlikely that the third libration would be observable with much intensity 
compared to the other two. All of the hydrates studied contain more than one 
molecule per unit cell and correlative coupling of motions between them should 
increase the multiplicity of bands observed (factor group splitting [11, 12]). In 
view of the simplicity of the spectra and the relative isolation and lack of mutual 
perturbation of the water molecules as shown by McGratn and Stivrpr [2], an 
interpretation of the absorption on the basis of correlation splitting is rejected. 
Such splitting may contribute to the observed widths and band envelope shapes. 

An interpretation of the number of bands observed on the basis of local mol- 
ecular environment is favored at this time. In the five cases shown in Table 1 in 
which the number of erystallographically different waters is known,* this number 
is in agreement with the number of observed bands, assuming that each kind of 
water gives rise to two bands. One of these probably originates from the A-axis 
libration and the other from a C-axis libration of the molecule.+ In crystals 


containing only waters (SrCl,.2H,O,  Bat'l,.H,0, 
BaBr,.H,O) two bands are seen while in crystals containing X --- H—-O—H--- X 
waters as well as O---H—QO-—H-:---X waters (NaBr.2H,O, BaCl,.2H,O) 


four bands are probably present. With NaBr.2H,O, one of these is a rather 
indistinct shoulder. For the four cases for which previous structural data do not 
exist (Nal.2H,O, Nal.H,O, Sr ‘l,.H,O, BaBr,.2H,O) it is concluded that the 
sodium iodide hydrates contain two structurally distinct kinds of water molecules 
while strontium chloride monohydrate and barium bromide dihydrate contain only 
one. 
Calculations of potential constants 

It is reasonable to assume that the orientations of the water molecules in all 
of the hydrates discussed here are determined by the necessity of oxygen—metal 
contact and hydrogen bonds to electronegative neighbors. Thus a six-atom system 
is involved with the three outer atoms forming a more or less rigid frame in which 
the water molecule can librate as a rigid unit. It would be expected that the 
potential opposing this libration would not be harmonic, but perhaps could be 
represented by two terms, one harmonic and one quartic, 

2V ad? hd! 

where ¢ is an angle of rotation about one of the axes of inertia. In fact. if the 
* These references are given in Table 1. 
+ The figure axis is the B-axis of the water molecule. 


11) D. F. Hornie, J. Chem. Phys. 16, 1063 (1948). 
12) H. Wrxston and R. 8S. Hatrorp, J. Chem. Phys 17, 607 (1949). 
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principal contribution to the restoring force arose through extension of the hydrogen 


bonds as the molecule turned, the quartic term should be by far the more important. 
Assuming at first an oscillator quartic in 4, with linear hydrogen bonds, the 
potential constant, b, can be calculated [13, 14] from the observed frequencies. The 


potential constants should be the same in this approximation for both modes of 


motion, the in-plane, B,, and the out-of-plane, B,, modes of the C,, complex. 
Calculations showed that the constants found in this way differed by roughly a 
factor of two, the B,- or A-axis constant being the higher. Furthermore, the results 
on deuterium substitution are in disagreement with the quartic form. This predicts 
that 


which is about 1-45 for the A-axis libration and 1-62 for the C-axis libration. This 
assumes that the center of mass of the librating system is undisplaced from its 
position in the isolated H,O molecule. For a more nearly harmonic oscillator these 
frequency ratios should approximate 1-32 and 1-43, values more in agreement with 
those shown in Table 1. It seems reasonable, therefore, to attempt an interpretation 
of the spectra on the basis of a potential harmonic in the angles of rotation, « about 
the A-axis and y about the C-axis. Although there may be some quartic contri- 
bution the measurement of band centers is not precise enough for a detailed 
evaluation. 

Several other assumptions must be made to permit the calculation of potential 
constants. Since the restoring force for the libration does not arise purely from 
H---X stretching as discussed above, there is no reason for insisting that the 
O—H---X bending constants for the A- and C-axis librations should have the 
same value. Nevertheless the data are insufficient to calculate these separately 
without making other assumptions of comparable uncertainty. 

In making the calculations of these constants it has been assumed (1) that the 
librational modes do not mix with the intramolecular vibrations, i.e. that the 
molecules are rigid, and (2) that the center of gravity in the water molecule is the 
same in the crystal as it is in the gaseous phase, i.e. that the moments of inertia of 
the free molecule can be used. For the third assumption two alternatives have 
been employed, (3a) that during the libration the center of gravity of the molecule 
remains fixed in the unit cell and does not oscillate, and (3b) that the force constants 
opposing hydrogen and oxygen displacements are the same regardless of the axis 
about which the molecule librates. 

Under assumptions (1), (2) and (3a) the displacement of the oxygen atoms is 
proportional to that of the hydrogens: thus their force constants are not 
independent. Using the known dimensions and moments of inertia [15], the force 
constants for oxygen displacements are sixteen times those for the hydrogen 
displacements. The latter are given in Table | as caleulated for the A- and C-axis 
librations and are listed as k, and k, respectively. Using assumption (1), (2) and 
(3b), one force constant for hydrogen displacement and one independent force 


13) R. P. I . London) 183 A, 3 
14) R. McoWr and C. A. Coutson, Proc. Cambridge Phil. Soc. 44, 413 (1948). 
15) W. 8.1 N. Gattar and E. K. Pryier, J. Chem. Phys. 24, 1139 (1956). 
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constant for oxygen displacement have been computed for each case and these are 
listed as ky, and k, respectively. 

Force constants were calculated for all possible assignments and only that 
shown in Table 1 gave values with order of magnitude consistency. From this 
selection of force constants we concluded that the band with the higher frequency 
of each observed pair of bands arises from the libration around the A-axis. In the 
cases of hydrates with two types of water, the O --- H—-O—-H --- X waters were 
assigned to the highest force constants and the remaining bands such as to give 
reasonable force constants in view of the results on the hydrates that contained 
only one type of water. 

Discussion 

The force constants for displacements of the oxygen are very high as compared 
to known intramolecular bending force constants. This may be indicative of the 
relative importance of the cation—oxygen bond and one may favor the treatment 
of these cation—water complexes as molecules of the XYZ, type [16]. However, 
the force constants for the hydrogen displacements, calculated by both the alter- 
native ways, are of the right order of magnitude for systems of this sort, being on 
the low side of a scale of intramolecular bending constants [17]. Under the 
assumptions put forward under (3b), the constants for the water molecules 
exclusively bonded to halogen ions are of the same magnitude as those found for 
proton displacements in solid hy drogen halides | Ls |. The O-bonded water molecules. 
however, have considerably higher force constants, but still lower than the value 
of 0-8 x 10° dyn/em that has been calculated for ice [19]. 

There are not enough structural data on these hydrate crystals to permit much 
correlation between X---H—O bending force constants and X—O distance. 
The shortest Cl—O distance that is known in the hydrates discussed here is 3-10 A 
in SrCl,.2H,O. This is longer than the distance of a normal hydrogen bond 
between water and chlorine as judged from that in hydronium chloride, H,OCI [20] 
in which r(Cl—O) = 2-95 A. Accordingly the force constants for the proton 
displacement in the hydrates have rather low values. 


We may conclude that an interpretation of the spectra presented here cannot 
be made with much certainty until more structural data are reported. The average 
sizes of at least our hydrogen-movement force constants are believed to have 
significance and the broad explanations of the spectra to be correct. The bands 
very likely are the A- and C-axis torsions of the water molecules. The number of 
observed bands in this low frequency region gives positive and rapid information 
on the number of structurally different water molecules. 


Wet films 
When films of salt are maintained above the limit of hydrate stability in the 
same thickness and under water vapor pressure comparable to that used in the 


16 G. Sarrorti and C. FURLANI, Z. Physik. Chen Frankfurt 15, 336 (1958). 
’ B. Wirson., J. C. Decrvs and P. C. Cross, Molecular Vibrations p. 176. MeGraw Hill, New York 


Horxic and W. E. OsBpere, J. Chem. Phys 93, 66? 1955). 
ZIMMERMANN and G. C. Prwenter. Quoted in Ref. [1], p. 135. 
K. Yoon and G. B. Carpenter, Acta Cryst. 12, 17 (1959). 
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hydrates, no absorption is observed. Very thick films (1 mm) can be made wet 
enough to absorb radiation in the H,O librational region. Such spectra are not 
completely reproducible but all appear quite similar. In general one distinct band 
is observed between 500 and 600 cm~!' with broad, weak absorption at lower 
frequencies. An example is shown in Fig. 4, the spectrum of a | mm film of NaBr 


800 


i spectra of NaBr.2H,O in CsBr region compared with that of “wet 
unhvdrated NaBr 


at 40°C in equilibrium with 4-5 mm water-vapor pressure. The 625 em! band has 
the same frequency as one of the three bands in NaBr.2H,O, but this may be 
purely coincidental. A variety of positions of the water molecules with correspond- 
ing variations of the ky, and the 4, may very well result in a constant value of r, 
and widely varying value of r, 

and ky dyn/em gives vr, 625 and 


380 


and &,, dyn cm gives 625 and 500 


Hence it is possible that, although the spectra of water trapped in alkali halides 
are composed of contributions of many different frequency combinations, one 


frequency will coincide for all of them and give rise to one distinet band. All the 


other frequencies will be found over a wide range and form a broad, weak absorption 


band, with possibly some structure 


er sincere appreciation to the National Science 


hem funds necessary for pursuit of this researc! 
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Polarization of infrared-active in-plane modes in a 
monoclinic molecular crystal 


H. Susi 
Eastern Regional Research Laboratory, Eastern Utilization Research and Development Division, 
Agricultural Research Service, U.S. Department of Agriculture, Philadelphia 18, Pennsylvania 


(Received 9 June 1961) 


Abstract ‘The absorption of eleven in-plane (B,’) modes of monoclinic adipic acid [HOOC(CH,), 
COOH | was investigated as a function of the angle between the electric vector of the radiation beam 
and the crystallographic c-axis in order to obtain information concerning the interrelationship 
between frequency-dependent dielectric axes, directions of transition moment vectors, and 
chemical structure in a molecular crystal with low symmetry. Some approximations which have 
been used in the past to interpret absorption spectra obtained with polarized infrared radiation 
are briefly evaluated and the applicability of the results to some related systems is discussed. 


Ir 1s frequently assumed that in molecular crystals (and oriented high polymers) 
the directions of vibrational transition moment vectors may be found by applying 
a relationship of the form 


Aa PE®* cos*z (1) 


to absorption data obtained with linearly polarized infrared radiation [1-12]. A is 


absorbance, P the transition moment vector, E the electric vector of the radiation 
beam and « the angle between the two vectors. The results thus obtained are 
sometimes used to estimate structural parameters on the assumption that the 
direction of P coincides approximately with the direction of the chemical bond 
which is primarily involved |2, 3, 4, 6], even in cases where neither direction is 
determined by the symmetry of the sample. An equation of the form: R 
2 cot? £, which implies that R = 1 if p = 54°44’, has been used to correlate infrared 
dichroism and structure in uniaxially oriented high polymers [6, 7, 8, 9]. Here R 
is the dichroic ratio and / is the angle between the transition moment vector and 
the main axis of the polymer chain. 

A real anisotropic and absorbing crystal acts in general itself as a dichroic 


polarizer, resolving linearly polarized incident radiation into two waves with 


different velocities and amplitudes, whereby the two waves are absorbed differently 


R. Wiexrxson, W. C. Price and E. M. Brapsury, Spectrochim. Acta 14, 284 (1959). 
J. Amerose, A. R. B. Proc. Rey. Soc. A 206, 192 (1951 
J. and A. E..iorr, Pro icy oc. A 206, 206 (1951 
J. Amerose, A. and R. | Proc. Roy. Soc. A 199, 183 (1949). 
Y. Liane and 8S. Kriue, J. Chem ‘ 897 (19047 
Y. Liane and S. Krow, J. Che vys. 27, 1437 (1957). 
Fraser, J. Chem. Phys 5 1953). 
Fraser, J. Chem. Phys 3 (1958). 
Fraser, J. Chem. Phys. 29, 1428 (1958) 
t. Proc. Roy. Sor \ 236, 136 (1956 
Hexrer and H. Cueunc, J. Chem. Phys. 24, 1186 (1956). 
Hextrer and D. A. Dows, J. Chem vys. 25, 504 (1956). 
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IS. 14 Warp |15] has presented a detailed discussion of absorbing cry stals in 


connexion with measurements on ultra-violet dichroism. The treatment. which is 


based on electro-magnetic theory. is of general validity and particularly convenient 


to use in connexion with problems of molecular spectroscopy It differs from 


earlier treatments in that it uses real co-ordinates which coincide with the eigen- 


vectors of the cele tric tensor 


The medium is considered to be non-magnetic and its electrical properties are 


assumed to be riven bv the equations 


where 


The ire the components of the dielectric constant tensor ® is the rate of 


dissipation of electrical enery \ the « correspond formally to the components of 


the conductivity tensor, L., are the direction cosines of the k-th transition moment 


in the unit cell, ) and FE have their usual meanings !13). The constant o depends 


only on the bsolute il sorption intensity ind cancels out when dir hroic ratios are 


calculated. For linearly polarized perpendicularly incident radiation propagated 


along the 4 axis of a monoclinic ervstal the following relations are obtained [15): 


I, is the intensity of the emerging radiation, | and k. are absorption coetticients 


the in-plane principal axes of the dielectric ellipsoid, d is the thickness of the 


sample, R the dichroic ratio in terms of k, and ¢.. 6 the angle between the electric 


vector and the y directior 4 the angle between the transition moment vector and 


the »y direction ind dielectric constants along x and y. Equation (4) can be 


rewritten in the slightly different form 


log (7 cos- T sin? 4) (4a) 


where A, is observed absorbance. 7’, and 7’, are the principal transmittances. The 


graphical relationship of various parameters to each other and to the ac-plane of 


London (1959). 


14) ¢ Wy ¢ J y 41. O76 (1951 
Proc. R \ 228, 205 (1955 
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monoclinic adipic acid is illustrated in Fig. 1. The directions of y, « and P are, of 
course, frequency dependent. Equations (4), (5) and (6) are obtained from general 


equations for the complex dielectric index which follow rigorously from the 


relations (2) and (3)—by neglecting higher order terms of ¢. Differentiation of 


equation (4) with respect to 4 yields maxima or minima at 0 0, 1/22, 2, 3/27. 
27.... Thus, the orientation of the dielectric ellipsoid is found by applying 


equation (4a). The orientation of P with respect to the in-plane dielectric axes is 


given by equation (6) 


Fig. 1. Schematic structure and coordinate system 1.¢, erystallographic axes; z.y, 
diclect ric axes; tt. 1, axes of prism polarization; P, transition moment vector: E, electri 
vector of the radiation beam; L,M.N, molecular axes. All angles clock-wise 


Some consequences of equations (4), (5) and (6) do not appear to have always 


received proper consideration 


(a) Maximum and minimum absorption does not necessarily coincide with the 


polarizer position parallel or perpendicular to the vibrating dipole; 


(b) Absorption is in general not proportional to the square of the dot product 


of the electric vector and the transition moment vector. as stated by equation (1); 


(c) Equation (6) contains a term ¢,/e,. These statements have general validity 


although cited here in connexion with a special case 


Analysis of polarization data is considerably simplified if the transition moment 


vectors and the orientation of the dielectric ellipsoid are both symmetry fixed [16]. 


Unfortunately, this is an exceptional case for crystals of larger molecules. The 


purpose of the present study is to investigate the dependence of absorption upon 


16] R. Newman and R. 8. Hatrorp, J. Chem. Phys. 18, 1276 (1950). 
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the direction of the electric vector of the beam in a case where the orientation of 
the dielectric ellipsoid and of the transition moment vectors is not symmetry fixed; 
to estimate the directions of the transition moment vectors and the dielectric axes, 
and to gain some empirical information concerning the relationship between the 
transition moment vectors and the directions of chemical bonds in a crystal where 
reasonable assignments are available. An assignment of the infrared active 
fundamentals of crystalline adipic acid was reported previously [17]. 


Sample and techniques 

The space group of crystalline adipic acid is C,,> — P2,,, [18]. In the factor 
group approximation [19, 20] each observable infrared active fundamental is split 
into an A,’ branch with the transition vector parallel to the crystallographic 
b-axis and a B,’ branch with the transition vector within the ac-plane. A,‘ and B,/ 
refer to factor-group symmetry. If perpendicularly incident radiation is propa- 
gated along the b-axis, A,’ branches become inactive and one obtains a system 
corresponding to a two-dimensional model where the dielectric axes and transition 
moments are confined to the ac-plane, but are not otherwise symmetry fixed. 
Such a system is considerably easier to investigate experimentally than the more 
general triclinic case, but should in principle exhibit similar phenomena. 

The sample was prepared by a previously described method [17]. It consisted 
of a thin crystal layer between two rock-salt plates, the crystallographic b-axis 
being perpendicular to the sample plane. Fig. 2 shows a photograph of the specimen 
between rock-salt plates. No A,’ branches [17] could be observed with perpen- 
dicular incidence. Twinning along the c-or a-axis could produce misleading results 
and still leave the A,’ branches inactive, but this possibility seems unlikely in view 
of Fig. 2 and the experimental results. Investigation with a polarizing microscope 
also indicated a uniform sample. The sample, which had an area of about 1-5 
10mm, was mounted next to the entrance slit of a Perkin-Elmer Model 21* 
instrument equipped with a sodium—chloride prism and a six-plate silver-chloride 
polarizer. Spectra from 4060 to 600 cm~' were obtained with polarizer orientations 
10° apart. The 736 em~! CH, rocking band was in addition studied on a specimen 
which was large enough to permit rotation of the sample about the axis perpen- 
dicular to the sample surface (b-axis), but was too thick for measurements on most 
absorption bands. No correction was made for polarizer imperfection. The 
observed data indicate (Fig. 3, 4) that the error hereby introduced was not very 
large, a number of medium to strong bands exhibiting no detectable absorption 
with the polarizer perpendicular to the direction of maximum absorption. Polarizer 
imperfection could change the absolute intensities, but would not influence positions 
of maxima or minima. The effect of beam convergence is small, if no beam con- 
densing device is used. A qualitative check is furnished by the absence of A,’ 
branches [17]. Errors caused by reflexion are difficult to estimate. If the (real) 


* Mention of commercial produ:ts does not constitute an endorsement of the U.S. Department of 
ture over othe of a similar nature not mentioned. 


H. Swust, Spectrochim. Acta 15, 1063 (1959). 

J. D. Morrison and J. M. Rorerrson, J. Chem. Sec. 987 (1949). 
D. F. Hornie, J. Chem. Phys. 16, 1063 (1948). 

H. Winston and R. 8S. Hatrorp, J. Chem. Phys. 17, 607 '1949) 
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refractive index in the vicinity of an absorption band i is treated as a sum {i 
n(v,)} [21], (# is independent of frequency) the errors caused by fi can be approxi- 
mately eliminated by the base line method (see below). n(v,) changes the shape of 
the observed band, resulting in a dispersion curve superimposed on an absorption 
curve (Christiansen Effect). Most observed bands were approximately symmetrical, 
two exceptions being noted later. 

Instrument polarization deserves a few remarks. The sodium-chloride prism 
acts as a polarizer with 7',/7,, ~ 0-8, where 7, and 7’, are transmittance values 
for radiation with the electric vector parallel and perpendicular to the prism base 
22, 23]. The sample thus constitutes an anisotropic crystal plate mounted between 
two polarizers, with the result that parts of the x and y beams emerging from the 
sample (which stem from the same monochromatic, linearly polarized original 
beam) are brought to interference. The intensity obtained from the interference of 
two monochromatic waves with phase difference 4 is given by J = /, + J, 
24/(/,/,) cos 6[13]. Unless the x or y direction (Fig. 1) coincides with the direction 
of the prism base, a —log T vs. (y + 9) curve results which is not symmetrical 
about 
wavelength, sample thickness and the two principal real in-plane refractive indices 


max 48 required by equation (4). Interference depends on 6 and thus on the 
[13]. The latter three quantities could not be estimated with any degree of relia- 
bility. The qualitative effect of instrument polarization on data obtained on the 
736 em~! band is shown in Fig. 3. 

Transmittance values were measured relative to a base line estimated as well as 
possible for each absorption band. Reference points for estimating J, were chosen 
at frequencies of maximum transmittance on either side of the absorption band. 
This method, while admittedly involving some uncertainties, probably leads to 
least objectionable results for complex systems where many bands overlap. It also 


tends to minimize errors caused by reflection and scattering. 


Results 

A survey spectrum and assignments have been reported previously [17]. 
Fig. 3(a) shows the absorption of the B,’ branch of the 736 em! CH, rocking 
fundamental as a function of the polarizer angle (y + 9) (ef. Fig. 1). The 736 em~! 
fundamental is one of the few bands relatively free from overlap and therefore 
suited for a more detailed study. The experimental points in Fig. 3(a) were obtained 
with the sample mounted in such a way that maximum absorption was observed 
with E parallel to the entrance slit. The observation that A, is zero (within 
instrumental error) indicates that for this band the direction of the transition 
moment vector is very close to one of the principal dielectric axes and is therefore 
given by the direction of maximum absorption. The continuous line in Fig. 3(a) 
was calculated by equation (4a) (taking A as reference), the dotted line by 


equation (1). It is evident that equation (1) constitutes a poor approximation and 


might lead to serious errors. In the present example (4/A’),_ ,.. ~ 0-5, if A’ is 


H. Prirmas and H. H. GiUnruarp, Helv. Chim. Acta 37, 360 (1954). 
E. CHARNEY, J. Opt. Soc. Amer. 45, 980 (1955). 
A. S. Makas and W. A. Suurcuirr, J. Opt. Soc. Amer. 45, 998 (1955), 
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the value calculated by equation (1). It is probably worth mentioning that very 
similar results would in principle be obtained for uniaxial systems, if linearly 
polarized radiation is propagated normal to the optic axis. (For propagation 
parallel to the optic axes no polarization would be observed.) Again, the incident 
radiation is resolved into two waves and—to the approximation that has been 


@ 


0.6+- 


° 


= 


° 


Absorbance of the 736 cm~'! fundamental as a function of polarizer angle. (A)z = 0; 


ed line calculated by equation (1), solid line calculated by equation (4A). (B) y= 41°. 
used [15}—apparent absorbance is given by a relation similar to equation (4a). 
For a parallel band (P parallel to the optic axis): 


A, log log [7',, cos? (1) sin? 4] 
A const. cos* 4 
Similarly, for a perpendicular band: 
A log T log [(1) cos? 6 + 7, sin? 6) 


Here 4 is the angle between E and the optic axis. If unresolved parallel and 
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perpendicular components are present [6-8], then for truly uniaxial systems 
R = 2 cot? f (f corresponds to « in Refs. 6-8) still holds, because only measure- 
ments with @ = 0, 1/27, 7... are involved. 

The effect of interference caused by instrument polarization is illustrated in 
Fig. 3(b). Absorption at 736 em~! was measured as a function of the polarizer 
angle with 7 41° (ef. Fig. 1). Analogous results concerning the form of the 

log T' vs. (p ) curves and the effect of interference were also obtained on the 
second mode which was suitable for sufficiently detailed investigation, the B,’ 
branch of the 687 em~! COO deformation band. 

The remaining bands were either too intense or overlapped too strongly for 
quite as detailed measurements, but the general features of the observed —log 7 


Table 1. Polarization of B,/ branches of fundamentals 


* arc. cot 2+ 


| 

Assignment h 
(degrees) (degrees) 
(degrees) 


QF 


3000 OH st. 5 ( §) 8 
1695 C=O sat. 68 35 115 
1463 CH, b. 26 5 120 
1433 CO st. (OH b.) 171 (+ 8) 

1408 CH, b. 95 5 120 
1357 CH, wag. 155 ( 12) 184 
1287 OH b. (CO st.) 158 (+ 23) 

1200 C,C, st. 150 16 176 
932 OH out-of-plane b. 9] < 5 87 
736 CH, rock. 98 5 87 


687 COO def. S 5 


Cf. Fig. 1. Axis of maximum absorption taken as y at any given frequency. 
Angle between y and P, if (¢,/e,) in equation (6) is assumed to be unity. 
t Angle between ideal, hypothetical, transition moment vector and c-axis. 


vs. (y + 6) curves of ten additional fundamentals, shown in Fig. 4, appeared 
sufficiently recognizable to permit some conclusions. Pertinent data are listed in 
Table 1. The values of y should be correct within +3° or better. The values of 4’, 
which correspond to ¢ (ef. Fig. 1 and equation 6) if (¢,/e,) in equation (6) is assumed 
to be unity, are subject to greater uncertainty because measurements of (k,/k,) 
are influenced by the spectral slit width, by polarizer imperfections, and are 
sensitive to the chosen base line. If &, or k, is small, d° becomes a very sensitive 


function of the observed parameters 7’, and 7',, a | per cent error in the reading of 
maximum transmittance leading to errors in ¢’ of the order of 5 degrees. The sign 
of 4’ cannot be determined unambiguously from equation (6), although in some 
instances a positive or negative value is more probable in view of the known 
structure. The angles Q, giving the projections of the transition moment directions 
of hy pothetical, totally separable group \ ibrations on the ac plane were calculated 
from data in Ref. [18], the hypothetical pure CH, modes being taken to be polarized 
parallel to one of the principal molecular axes L, M, NV. (L is defined by the 
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mid-points of CC bonds: .W is perpendicular to L and within the plane of the 


carbon skeleton; .\ is perpendicular to Wand L[18]). The COH angle (not given 
in available erystallographic data) was assumed to be 105°, 
The directions of the transition moment vectors of five bands (CH, bend. 


tal modes as a function of the polarizer 


nd corners are frequencies in em 


1463 em~', CH, bend. 1408 em~', OH bend. 932 em~'!, CH, rock. 736 em~!, COO 
def. 687 em~') appear to coincide within experimental error with one of the 
principal dielectric axes, and thus with the direction of E for maximum absorption. 
For these bands the direction of the transition moment can thus be estimated 
relatively accurately, even though it is not determined by symmetry. For two 
bands (C—O str. 1695 em~! and C,C, str. 1200 em~'), on the other hand, the 
direction of E for maximum absorption must differ considerably from the direction 
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of the transition moment vector, ¢’ being approximately +35° and + 16°, respec- 
tively. These two bands also showed a clearly recognizable Christiansen Effect, 
which appeared to depend on the polarizer angle, as expected. For the remaining 
bands the ¢’ values are more uncertain because of extreme broadness of the bands, 
overlap, or both. These ¢’ values are given in parenthesis in Table 1. The data 
observed on the OH stretching band agree within experimental error with previous 
measurements by other investigators | 2]. 

Kight of the investigated bands (OH str., C—O str., two CH, b., CH, wag.., 
C,C, str... OH out of plane b., CH, rock.) can be approximately described as 
separable group vibrations for which an ideal (hypothetical) transition moment 
direction could be postulated on the grounds of bond directions and local symmetry. 
For five of these bands (OH str., C=O str., C,C, str., OH 0.0.p. b., CH, rock.) 
including two with relatively large ¢’ (C—O str., C,C, str.,), the estimated transi- 
tion moment direction comes to within + 12° of the ideal, hypothetical, value if a 
proper sign is chosen for 4’. For the other three bands, the deviations are consider- 
able. The weak 1357 em~!' CH, wagging mode can be dismissed because the 
measured ¢’ value is very approximate, but for the two CH, bending modes at 
1463 and 1408 cm~', ¢’ appears to be very small and the direction of the transition 
moment vector correct certainly within +10 degrees. The deviation from the 
“ideal” direction is about 95° for one band and 25° for the other. The assignment 
of these bands is based on comparison with a very large number of related molecules 
|24] and on deuteration studies [17], and seems, therefore, to be correct. 

y and ¢’ values could not be evaluated for the B,’ branches of CH, stretching 
fundamentals because of strong interference by the very intense OH stretching 
band. Purely qualitatively, the 4’ values seemed to be small and the y values to 
lie in the vicinity of 90°, close to the ideal directions. 


Discussion and conclusions 

Of the B,/ branches of fundamentals which could be studied with some accuracy 
two exhibited a relatively large dé’ value. This points to the necessity of studying 
well oriented samples and discarding the simple dot-product approximation 
[equation (1)] before any conclusions can be reached concerning the directions of 
transition moment vectors in systems of low symmetry. Otherwise there appears 
to be no way to determine to what extent observed dichroic ratios (A,,,./A,j,) are 
influenced by sample randomness and to what extent by deviations of transition 
moment vectors from the principal axes of the dielectric ellipsoid. In well oriented 
systems an uncertainty still remains because it is difficult to determine the principal 
dielectric constants (¢, and ¢, in equation 6) at frequencies close to the centers of 


absorption bands. The observation that for many bands ¢° was close to zero 


indicates that the transition moment directions of some fundamentals can be 
evaluated with reasonable accuracy even in systems with low symmetry, provided 
the sample is sufficiently well oriented to establish that ¢ is indeed small (a value 
of A... /Amin 130, corresponding to ¢' ~ +5°, constitutes an approximate 


instrumental limit for conventional prism spectrometers). 
(24) L. J. Betitamy, The Infra-red Spectra of Complex Molecules. John Wiley, New York (1958). 
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The same considerations should apply to oriented biaxial polymers with lower 
than orthorhombic symmetry. “Uniaxially oriented” biaxial polymers (such as 


some cellulose fibers and many stretched synthetic high polymers) constitute a 


special case. These are sometimes described as ‘pseudo uniaxial.”’ The individual 


crystallites, or local oriented regions. are biaxial and within these the P vectors are 


not symmetry fixed. If the crystallites are large compared to the unit cell dimen- 


sions, then the model to be applied is an array of partially oriented biaxial crystals. 


For each individual crystallite (A, /A still depends on the relative orientation 


of the dielectric ellipsoid and the transition moment vector. the latter coinciding 


with the direction of maximum absorption only in special cases. The dichroic 


ratios R A_/A, of the whole chain would thus depend on the orientation of 


local polarization axes with respect to the chain axes, the relation between polari- 


zation axes and P vectors within the crystallites. and the randomness of the 


chains. Unambiguous data can be obtained for bands with P parallel or perpen- 


dicular to the chain axes and db hl 


In Table | a comparison of idealized and calculated transition moment directions 


for eight group-frequency modes of the studied sample is given. The calculated 
| 


directions, referred to the c-axis. are given by + é ory dé . if (e_/e.) is assumed 


to be unity. The error introduced by this assumption is small if 4’ is close to zero, 


i.e. for the majority of the measured bands. If 4 has an appreciable value, as for 


the 1695 and 1200 em~' fundamentals. it should be kept in mind that 4’ is merely a 


function of the ratio of the principal absorption coefficients. Q gives the ideal 


directions 
In the studied crystal the directions of five out of eight P vectors associated 


with modes which could be called separable group vibrations were— within the 


stated approximations found to be close to idealized directions based on bond 


angles and local symmetries, but this was not generally true. The CH, bending 


modes, frequently referred to as “internal ¢ H, group vibrations,’ were among the 


exceptions, the discrepancy for the 1463 em~! mode being close to 90°, which exceeds 


any possible measurement error. The assignment of this mode appears to be 


sound, and ¢° was very small. (The band is certainly associated with CH, groups 


as shown by deuteration [17 An alternative assignment as a wagging mode 


might be considered, but seems unlikely in view of the very large number of 


related compounds exhibiting relatively strong CH, bending modes very close to 


1465 em 24, 25 \ctually, the two infrared active CH, bending modes of 


adipic acid are internal group vibrations only in a rough sense, as evidenced by 


their frequency difference of 55 em~'. The CH groups are located close to highly 


volar end-groups which give rise to strong bands belonging to the same (molecular) 
| 


symmetry species, B.” for C,, symmetry. (B 1.” refer to molecular symmetry). 


In related structures with longer hydrocarbon chains [25] and in long-chain 


hydrocarbons {26}, ¢ H, bending modes are polarized approximately perpendicu- 


larly to the hydrocarbon chains. i.e. their behavior is more ideal in this respect. 


The CH , bending trequencies of these related compounds are within lO em~'! of 


the 1463 em~' mode of adipic acid. It appears that more information on systems 


(25) H. Sus J. Am Chem. Soe. 81, 1535 (1959). 
26) S. Kriwe, J. Chem. Phys. 22, 567 (1954). 
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with known structure is needed before the extent of interdependence of transition 
moment directions of “characteristic group vibrations’’ can be evaluated. The 
situation could be somewhat analogous to group frequencies, where bond stretching 
vibrations sufficiently far from other modes with the same symmetry are closest to 
“separable.” However, polarization characteristics (like intensities) appear more 


sensitive to some interactions than frequencies. Polarization of the two B,/ 
branches of bands for which idealized transition moment directions are determined 
by the symmetry of the whole molecule (A," CH, rock., A," OH bend.) was close 


to expectation. 


The author wishes to thank Mr. SHerMan Pazner and Mr. Cart LEANDER 


for help in experimental measurements and Dr. C. Y. Lianc of the American Viscose Corp. for a 
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Phosphorescence spectra of polycyclic compounds—I 


Fluorene and dibenzofuran 
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Abstract——Phosphorescence spectra of fluorene and dibenzofuran have been studied in cyclo- 
hexane at 90°K. The spectra have appeared sharp, and commercial fluorene has proved to 
contain dibenzofuran as an impurity since the first band group of the spectrum of commercial 
fluorene coincided with that of dibenzofuran. Vibrational analyses of synthetic fluorene and 
purified commercial dibenzofuran have been discussed. A possibility for the quantitative 
analysis of dibenzofuran in fluorene has also been studied. 


Introduction 
HeckMAN studied the phosphorescence spectra of various heterocyclic compounds 
in EPA and analyzed them in detail |1]. However the spectral bands were, in 
general, very broad. We found that the phosphorescence spectra of benzene, 
toluene, xvlenes and mesitylene appeared so sharp in cyclohexane matrices that 
vibrational analyses were made very easily {2, 3]. This matrix method was applied 
to the study of the phosphorescence spectra of various polyeyclic compounds. In 
this paper the spectra of fluorene and dibenzofuran will be discussed. The spectrum 
of fluorene in EPA reported by Heckman has a weak 0,0-band and it is very 
difticult to explain the reason for its weakness. We will study it in detail. Vibra- 
tional analyses of the spectra of fluorene and dibenzofuran will also be discussed. 


Experimental 

Fluorene and dibenzofuran were obtained from Tokyo Kasei Co. They were 
recrystallized once from ethanol with charcoal and once from ethanol only. In the 
course of the study of the phosphorescence spectrum of fluorene a question arose 
whether the commercial fluorene might contain a trace amount of dibenzofuran as 
an impurity. The sample was therefore recrystallized eight times; twice from 
ethanol with charcoal and once each from cyclohexane, ethanol, cyclohexane, 
carbon tetrachloride, benzene and cyclohexane in order. We also synthesized 
fluorene from benzilic acid. The synthesis was not new, but great care was taken 
that dibenzofuran and other impurities could not be mixed in the product. We first 
prepared fluorene-9-carboxylic acid from benzilic acid. 


* Present address: Technical Junior College, Yamaguchi University, Ube, Japan. 
1] R. C. Heckman, J. Mol. Spectrose. 2, 27 (1958). 
2) H. Sponer, Y. Kanpa and L. A. BLACKWELL, Spectrochim. Acta 16, 1135 (1960). 
/ 
3) Y. Kanpa and R. Suimapa, Spectrochim. Acta 17, 279 (1961). 
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OH 


AICI, 


( ‘ 


( ‘ 


H COOH 


fluorene-9-carboxylic acid 


\—— condensation 


COOH 


benzilic acid 


There are two ways for obtaining fluorene from fluorene-9-carboxylic acid. One is 
to use caustic soda according to WisLicenus and Rurure [4]. 


NaOu 


H COOH H, Na, CO, 


fluorene 


We call the product obtained by this method Sample I. This method was, however, 
not so good since the yield was very poor. Moreover, there is a possibility that the 
following side reaction may occur, and care must be taken to avoid it. 


2NaOH + + Na,CO, + 


H COOH 


fluorenone 


The other process is as follows: 


Na,Cr20, Zn powder 
(AcOH) NH,OH (ethanol) 

> 
oxidation reduction 


COOH 


O 


fluorenone 


red P, HI reduction 


> 


j Sa-ameigam MCKethenc!) 
Clemmensen reduction 
H OH H, 


fluorenol fluorene 


Fluorene made by the reduction with red phosphorus and hydroiodic acid may 


contain 9,9’-bifluorenyl as byproduct, and care must be 


[4] W. Wisticenus and A. Rurure, Chem. Ber. 46, 2770 (1913). 
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paid in order to avoid this side reaction. We call the product Sample II. We also 
obtained fluorene through the Clemmensen reduction and call it Sample III. The 


samples I, Il and III were sublimed several times and recrystallized three times from 


petroleum benzine (50—70°) 


Cyclohexane was purified in the same way as that reported previously [5). 


Fluorene and dibenzofuran were dissolved in cyclohexane and the concentration 


was made 10-* mole/l. The optical set-up was the same as that reported prev iously 


6). Exposure time ranged from | to 3 h for fluorene and about 15 min for dibenzo- 
furan on Fuji special test plates for low luminosity, with a slit width of 100 and a 


Hilger E2 spectrograph. Wavelengths and intensities of bands were measured with 


an automatic recording microphotometer. Maximum precision was believed to be 


cm 


for sharp bands. For broad bands the maximum accuracy was not 
greater than +15 em". 


Results and discussion 


The phosphorescence spectra of fluorene and dibenzofuran were studied in 


cyclohexane matrices at 90° K. The microphotometer tracings are shown in Fig. 1. 
The curve (a) of fluorene was first obtained with commercial fluorene twice 


recrystallized from ethanol. The highest-frequency group of bands near 24,595 em~! 
consisted of three sharp peaks, of which the middle was strongest in intensity. ‘The 
second group consisted of four peaks of which two middle ones were stronger. 
These spectral appearances seem to suggest that the origin of the first group was 
different from that of the second. The fluorene spectrum in EPA studied by 
HECKMAN consisted of broad bands, and the tracing of the spectrum was a kind of 
envelope of our finely resolved spectrum. He did not explain the reason why the 0, 
(-band of the fluorene spectrum appeared weak. We believe that the first group of 
bands is due to some impurity contained in the commercial fluorene and that the 


second strong group is a part of the genuine fluorene spectrum. It is difficult to 


determine whether the third and fourth groups are due to fluorene or the impurity. 


Therefore we searched for the origin of the first group of bands of the fluorene 


spectrum and photographed the phosphorescence spectra of dibenzofuran, carbazole 


and dibenzothiophene for comparison purposes. It was found that the first group 


of bands of dibenzofuran coincided exactly with the first group of the commercial 


fluorene spectrum. The spectra of carbazole and dibenzothiophene were different 


from the spectrum of fluorene and will be reported elsewhere. It is concluded, 


therefore, that the impurity in the commercial fluorene is dibenzofuran. 


In order to remove dibenzofuran the commercial fluorene was recrystallized 
eight times as described earlier. A weak band was still found at 24,595 em— which 


is exact ly t he strongest band of the tirst vg roup of dibenz furan. { Fig. -R curve b.) 


Therefore we synthesized fluorene from benzilic acid and obtained three samples. 


Their spectra proved to be exactly the same and have no band due to dibenzofuran. 


The analysis of the fluorene spectrum is given in Table 1. The 0,0-band group 


splits into four bands from which the 1605 em~ progressions start to the longer 


wavelengths. Vibrational frequencies of the orders of 415. 735. 1225 and 1605 em~! 


5) Y. Kanna, R. Sumapa and Y. Saxkat. Spectrochim. Acta 17, 1 (1961). 
KANDA and R. SHIMADA, Spectrochim Acta 15, 211 1959). 
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are found and are ascribed to Raman frequencies of 416, 738, 1240 and 1603 em™, 
respectively. The Raman data were obtained from Randolt—Bérnstein Tables {7}. 
The analysis of the spectrum of dibenzofuran is shown in Table 2. The 0,0-band 
group splits into three bands from which the 1635 cm~! progressions start. Vibra- 
tional frequencies of 215, 435, 745, 855, 960, 1010, 1105, 1245, 1305 and 1635 em™ 
were found and attributed to Raman frequencies of 424, 743, 845, 743 + 215, 


Synthetic 


20,000 22,000 24,000 
Fig. 1. Phosphorescenc« spectra of fluorene and dibenzofuran 


1007, 1101, 1239, 1304 and 1630 cm~', respectively. No Raman frequency has 
been reported which corresponds to the frequency of 215 cm in the phosphor- 
escence spectrum. The Raman data are still incomplete and there may be a possi- 
bility of a vibration of this frequency. The phosphorescence spectrum of dibenzo- 
furan in EPA obtained by Heckman looks like an envelope of the spectrum in 
cyclohexane. 

It must be possible to estimate the amount of dibenzofuran in commercial 
fluorene since we now have pure fluorene and pure dibenzofuran. As an example 
we tried to estimate the amount of dibenzofuran in the samples recrystallized two 


[7] Landolt—Bérnstein Tabellen, Zahlenwerte und Funktionen Bd. 1, Teil 2, 8. 513 und 539. Springer 
Verlag (1951). 
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and eight times. The principle of the quantitative analysis is to compare the 
integrated intensity of the 0,0-band group of dibenzofuran in the spectrum of the 
commercial fluorene with that of a standard sample. At first, an experimental 
analytical curve was drawn. Four standard mixed solutions of fluorene and 
dibenzofuran in cyclohexane were prepared, the concentration of fluorene being 
10-% mole/l and that of dibenzofuran 10~-%, 10-4, 10-° and 10~® mole/|., respectively. 
We photographed the phosphorescence spectra of these four solutions in such a way 


Table 1. Phosphorescence spectrum of fluorene in cyclohexane at 90°K 


Wave number Rel. int. Ai Analysis 


23.910 0 

23,795 115 0, 

23.680 230 0, OF* 

23,570 ( 340 0, OF** 

23,490 420 0-420 (R. 416) 

23,380 530 0O*—415 

23,265 645 O** 415 

23,170 j 740 0-740 (R. 738) 

23,060 850 0*—735 

22,945 965 0**—735 

22.830 1080 O***_740 

22.570 1340 (R. 1240) 

22,460 1450 0**-1220 196) 

22,300 1610 00-1610 (R. 1603) 
190 1720 

2.070 1840 1605 
1950 O***-1610 
.770 2140 0*—1605-420 
650 2260 1605-420 
450 2460 0*-1605-740 
320 2590 
970 2940 0*—1605-—1220 
S60 3050 0**-1605-1210 
700 3210 1610-1600 
: 3330 0*—1605-1610 
470 3440 0** 1605-1600 


that the integrated intensity of the 0,0-band group of fluorene could be approxi- 
mately equal. Under the same conditions the phosphorescence spectra of the two 
recrystallized samples were also photographed. A working curve was drawn from 
values of the integrated intensity of the 0,0-band group of dibenzofuran vs. the 
molar ratios. We were able to estimate the molar ratios of dibenzofuran to fluorene 
of the twice and eight times recrystallized samples to be 0-009 and 0-0008 or 
approximately 0-01 and 0-001, respectively. We checked also the infrared spectra 
of pure and commercial fluorenes, but no appreciable difference was found between 
them. We believe the phosphorescence technique is a good method to do qualita- 
tive and quantitative analyses of a small amount of impurity in a sample. There 
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are several factors favourable to the analysis. The intensity of the phosphorescence 


of dibenzofuran was so much stronger than that of fluorene that it was possible to 
observe the 0,0-band of dibenzofuran even at a low concentration of 10~® mole/lI. 


Table 2. Phosphorescence spectrum of dibenzofuran in cyclohexane at 90°K 


Wave number Rel. int. p Analysis 


24,655 0, 0 

24,595 j 0, O* 

24,480 j 0,0** 

24,380 j 27: 0*—-215 

24,265 0**-215 

24,160 9! 0*—435 (R. 424) 

23,910 j f 0-745 (R. 743) 

23,850 0*—745 

23,740 0*—855 (R. 845) 

23,635 j 1020 0*—745-215 

23,585 j 1070 0*-1010 (R. 1007) 

23,490 j 1165 0*—-1105 (R. 1101) 

23,410 1245 0-1245 (R. 1239) 

0-1305 (R. 1304) 

23,290 1365 0*—1305 

23,020 1635 0-1635 (R. 1630) 

22,960 1695 0*—1635 

1815 0**-1640 

1915 0*—1635-220 

2045 0* 1640-230 

2130 0*—-1635—435 

2385 0—-1635—750 

2445 0*—1635-—750 

2545 0*—1635-—850 

2660 0*—1635-750-225 

2705 0*—1635—-1010 

2790 0*—1635-1095 

2875 0-1635-—1240 

| 0-1635—-1305 

| 0*—-1635—-1245 
3015 0*—1635—1320 
3325 0*—1635—1630 

21,120 3535 0*—1635-—-1630-210 

20,585 4070 0*-1635-1630-745 

20,470 4185 1635-1630-860 

20,090 4565 

19,700 4955 


23,350 1305 


22 
22 
» 
22 
22 
22 
» l 
21 
21 
21 


2940 


The positions of the 0,0-band groups of both compounds were very close but 
sufficiently separated from each other. No energy transfer seemed to take place 
between them. 

The fluorescence spectrum of synthetic fluorene in cyclohexane at room tempera- 
ture was found to overlap that of dibenzofuran, and it was difficult to detect 
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dibenzofuran bands in the spectrum of commercial fluorene qualitatively. The 
fluorescence spectra were studied with a Farrand spectrofluorometer. 

Of course, there is a possibility that the commercial fluorene may also contain 
other impurities. Actually, very weak bands of anthracene were found in the 
absorption and fluorescence spectra of the commercial fluorene. They occurred at 
longer wavelengths than any bands in the spectra of synthetic fluorene. The 
phosphorescence spectrum of anthracene was not photographed with the same 
sample because of its extremely low quantum yield, because of the unfavourable 


sensitivity of the photographic plates in the appropriate spectral region, and 


because of the extremely short lifetime compared with the period of rotation of 
the phosphoroscope. 


icknowledgement—The authors wish to thank Fuji Photo Film Co. for the generous offer of 
highly sensitive plates. They are also indebted to the Ministry of Education for grants-in-aid 
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Abstract 


been measured in polarized light perpendicularly to both cleavage planes. The observed bands 


The near infra-red absorption spectrum of p-nitrophenol crystals (metastable) has 


are ascribed to O—H...O and C-——-H,, in-plane vibrations. From the angular absorption 


anisotropy measured on voth cleavage planes the angles of both bonds were calculated r spec- 


tively to the crystal axes. It has been found that the direction of C—-H bonds is in accordance 


with X-ray data, but the spectroscopic O H direction differs somewhat from O...O X-rav’s 


direction thus indicating that the proton lies slightly aside from O...O line. 


Introduction 


Tue polarized infra-red spectrum of organic crystal furnishes some information 


about spatial orientation of the transition moments of the constituent groups of 


organic molecules and thereby throws some light on the structure of crystalline 


solids. Such studies were carried out on a number of substances |1] among which 


great interest was paid to those substances the molecules of which exhibit the 


so-called hydrogen bond in the solid state [2]. The erystals with hydrogen-bonded 


molecules are the material on which spectral properties of the H bond may be 


studied conveniently. 
In this paper we shall describe the results of a study of polarized absorption 


spectra for p-nitrophenol (which will be called PNPh) single crystals in the near 


infra-red region. This material was chosen for several reasons, among which two 


play a most important role: 


1. This compound may easily be purified and obtained in the form of single 


crystals. The symmetry properties of the crystals are such that thin transparent 


plates may be cut out in two mutually perpendicular cleavage planes. 


2. The X-ray structure of the crystals is known and has been first determined 
by Prasap ef al. [3] and nowadays reinvestigated by Toussaint [4]. Thus the 


properties of the unit cell and also the exact atomic positions are known. 


iJ. P MATHIEU, J. phys radium 16, 219 (1955); G R Witkixnson, W. C. Pricr and E M 
Brapsury, Spectrochim. Acta 14, 284 (1959 

2 Pay rs presented at the Symposium on Hudrogen Bonding, Liubljana 1957. Pergamon Press, London 
1959); G.C. Pimewrec, A. L. McC ce ian, The Hydrogen Bond Chap. 9 Freeman, San Francisco (1960) 

3) M. Prasap, J. SHanker and P. N. Batsexar, J. Indian Chem. Soc. 16, 357 (1939); from Chem. 

Abstr. 34, 3164 (1940 

J. Tovssarnt. Bull. soc. roy. sci. Liége. 


24 (1954). 
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The free OH-overtone vibration frequency can be put for nitrophenols in CCl, 
solution in the 7020-7060 em~' interval, and this is a high sensitivity region for 


PbS radiation detectors. The integrated absorption area of the overtone band is 
about thirty times smaller than of the fundamental band [5] and thus the thickness 


of the crystal may be of the order of | mm. 


Experimental 

(a) Preparation of the samples 

The commercial PNPh (FOCh, Gliwice) was first crystallized from benzene and 
then distilled over the water-stream pump and finally purified by zone melting. 
From the pure material of a very weak yellowish-green colouring crystals were 
grown from the melt by the Bridgmann’s method. In such conditions as described 
by Grortu [6], the metastable form is obtained, the crystals of which belong to the 
monoclinic system, space group P 2,/a [4] with a two-fold screw axis along the 
b-axis. The unit cell contains four molecules and shows the following dimensions: 


A. b 11-2 A, c 3-8 A. 106°55'. 


The molecules are plane within the limits of experimental errors and this statement 
confirms the earlier results of FRANCEL’s investigations for solid sheets |7| according 
to which the molecules of nitrobenzene derivatives are plane unless there are no 
steric hindrances acting. 

The crystals possess two mutually perpendicular cleavage planes: the principal 
cleavage plane along (010) and the second cleavage plane along (001) {6}. To test 
the position of the principal cleavage plane an oscillating X-ray diagram was 


performed from which the length of the a-axis has been calculated as being 
15-45 + OLA, 


This figure is identical with the length of the a-axis given by Toussarnt and there- 
fore there is no doubt as to the plane under question and the modification of the 
examined crystals. 

The crystal views on both cleavage planes drawn on the basis of X-ray data | 4] 
are shown in Figs. | and 2. 

After the crystal plates cut out in (001) had been polished on a sheet of blotting- 
paper with the use of methyl aleohol or benzene as solvents, the (010) plates could 
be used without further elaboration. The plates were several tenths of a millimetre 
in thickness. The absorption spectrum for different samples could be reproduced 
fairly well. 


R Mox (1A, H T HOMPSON, Proe Roy So L n k ” A243. 154 (1957). 

6) P. Grou, Elemente der physikal schen und chemischen kristallographie, Berlin 1921. R. 
Springer-Verlag 

J. Francer, J. Am. Chem. Soc. 74, 1265 (1952). 
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(b) Apparatus and measurements 

The light beam of a tungsten lamp after chopping at 436 c/s entered the Zeiss 
monochromator with LiF prism. The wavelength scale of the monochromator was 
calibrated by means of the absorption bands in the near infra-red region of 
chemically pure chloroform and benzene 


8]. The outcoming radiation, polarized 


/ 


Fig. |. PNPh erystal view on (010) on the basis of X-ray data [4]. The O—H...0O 
direction is the same for each pair ot mol cule = 


i 


(OO!) plans 


Fig. 2. PN Ph erystal view on (001) after Toussaint [4!. The O © directions are alter 
nately different in neighbouring pairs of molecules. Thick parts of the molecules range 
above the plane oft the Fig 


with a Glazebrook’s prism, entered the sample housing. The sample was mounted 


on a sample holder which could be rotated through a known angle around an 


axis parallel to the light beam. This rotation changed the mutual positions of the 


electric vector of the radiation and crystallographic axis of the crystal. The 
radiation then fell on a Zeiss PbS photoconducting cell, the photocurrent of which 
was amplified, rectified and finally measured on a d.c. voltmeter. The transmission 
of the sample was compared with that of an empty window of equal area. The 


mean spectral slit width was about 20 em~!. 


R. Mecke and F. Oswarp. Z. Physik 180, 445 (1951). 
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Results and discussion 
The wave-number function of the transmission for the main cleavage plane is 
shown for PNPh crystal in Fig. 3. For the spectrum (a) the electric vector E of the 
incident beam vibrates parallel to the O-—-H. . . O direction on (010) plane: for the 
spectrum (b) E vibrates perpendicularly to that direction. It may be seen from the 


A, 
1-40 60 1-80 
if T T 
0 +—-460 
7080 
OH 
15 free bound 
¢ PNPh MIS3 
thickness O-7mm 
20}- (O10) plane 
H., 
in plane 
vibrations ae 
40-6 
3Sr 
= 
40-4 
40 
40-2 
45 
h 
50 Spectral slit widt 55 
55} 


7500 7000 6500 6000 5500 


> 

2, cm 
Fig. 3. Spectral distribution of the transmission in polarized light for a (010) PNPh erys- 
tal plate. (a) The light vector parallel to the O—H...O direction. (b) The light vee- 
tor perpendicular to the O—-H...0O direction. (c) Molar decade extinction coefficient 


for the free OH group, 0-14, m/l phenol in CCl, (unpolarized radiation). 


Figure that the absorption anisotropy is fairly great and in the case (b) we observe 
only the tracks of the absorption peaks appearing on the curve (a). The main 
absorption part of the curve (a) consists of a broad absorption band centred at 
6570 cm~! and showing the fine structure. This band is the spectral picture of the 
O—H ...O bonds within the crystal. The same broad absorption band may be 
seen in viewing another plane of the PNPh crystal as is shown in Fig. 4, but is 
7 
completely absent from crystals where no OH groups are present. For example, 
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25 +40 1-60 
| 6020cm' 
| 


Cc Her in 
plone vib- 
rotions 


| 


| PNPh MS S2 | 
thickness 055mm ‘ 
(OO!) plane | 


30 


av 


Spectral 
slit width 


59 
7500 


7000 6500 6000 5500 


Fig. 4. Spectral distribution of the transmission for PN Ph (001) crystal plate 
(unpolarized radiation), 


this is the case in p-chloronitrobenzene, the crystal of which transmits in the 
manner shown in Fig. 5. 

The polarization direction is the same for the whole O—H ...O band which 
may be seen by comparison of the curves (a) and (b) in Fig. 3. Thisis after SHepPaRD 
[9] the common feature of such absorption bands. 

On the left side of Fig. 3 the free-OH absorption band has been drawn for 


comparison, given by diluted phenol—CCl, solution and centred at 7030 cm7! 


[9] N. SHerrarp, Symposium on Hydrogen Bonding, Ljubljana 1957, p. 85. Pergamon Press, London 
(1959). 
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(eurve c). No such absorption is to be found in the PNPh crystal beyond a small 
peak situated at 7080 em~', and it is not certain if this peak may be ascribed to that 
kind of vibration. The situation somewhat changes when the crystal is melted 


between two glass plates. The transmission curve of the melt (in comparison with 


a glass window) extends to shorter wavelengths (Fig. 6) and shows considerably 
smaller transmission values between 7000 and 7100 em ' than the crystal itself. 


Chloronitrobenzene 


Spectral 
siit width 


7500 1000 6500 6000 5500 


Fig. 5. Spectral distribution of the transmission for a p chloronitrobenzene plate 
(cleavage plane) 


This means that after melting, some of the PNPh molecules are free whereas in 
the crystalline state by far the greatest majority of the OH groups are bound 
forming a kind of polymeric chain. 

The O—H...0O absorption bands in Figs. 3 and 4 thus differ in spectral 
position in comparison to the free-OH absorption peak. It is not clear, however, 
how the spectral shift, Av, should be calculated for the case of overtone frequencies. 
If we retain the definition Avy = ¥ 4 free — "on bound established for the case of funda- 
mental frequencies, we obtain values 460 cm! for (010) (Fig. 3) and 620 em™! for 
(001) (Fig. 4). From these values and from the plot frequency shift Av vs. O—H...O 
bond distance, given for twenty-six O—H...O bonds in various crystals by 
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NaKamoro et al. [10], we may get for O—H ... O distance in our case the values 
2-78 A and 2-73 A, respectively. These data are in satisfactory agreement with the 
value 2-74 A, which may be calculated directly from X-ray data [4]. 


PNPh 
iquid layer 
0-Si mm 

131 °C 


6000 


7000 6500 


Fig. 6. Spectral distribution of the transmission for molten PNPh (131°C) 
between two glass plates. 


The second absorption peak situated at 6080 em~' in the curve (a), Fig. 3, may 
be ascribed to C—-H aromatic in-plane vibrations. This band is weak in viewing the 
(010) plane, because the benzene rings make an 74-5° angle with that plane, but 
possesses considerable intensity in the plane perpendicular to it, that is in (001). 
This result is consistent with the information given above, according to which the 
second cleavage plane is identical with (001). The C—H vibration. of course, 
appears in all derivatives of benzene and in benzene itself, too. This may be seen, 
for example, for p-chloronitrobenzene (Fig. 5), where a strong (—-H absorption 


[10] K. Nakamoto, M. Marcosues and R. E. Runpie, J. Am. Chem. Soc. 7, 6480 (1955). 
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peak was observed at 6040 cm~!. These peaks are the first overtones of planar 
C—H vibrations whose fundamental absorption was observed by FRANCEL at 
3110 em~ on solid sheets of o-nitrophenol [7]. 

The anisotropy of definite linkages may conveniently be studied by turning the 
crystal plate about an axis perpendicular to the crystal plane and measuring the 


Fig. 7. Angular transmission anisotropy for PN Ph crystal on (010). (a) Curve made for fixed 

’ 6660 cm! (corresponding to O—H 0 absorption) b) Curve made for fixed 

to ( H absorption rhe initial position of the a-axis 
comeides with the position of electric vector E. 


transparency of the plate for each angle at fixed wave-number and polarizer 
position. The results of such a study are shown in Figs. 7 and 8 for (010) and (001), 


respectively. In general, one observes “eight” shaped figures owing to the fact 
that the transmission of a definite group changes as (ME sin 4)?, 4 being the angle 
bet ween electric vector E of the radiation and the transition moment M of the group. 
The figure for (010) should possess a two-fold rotational axis perpendicular to (010) 
according to NEUMANN’s principle which states that any physical property cannot 
be less symmetrical than the crystal itself, and there exists a diad perpendicular to 
(010). In our case the “eight” shaped figure is slightly asymmetrical but the small 
departures from axial shape may be caused by a small non-perpendicularity of the 
light beam and the crystal plane. 


1282 


00 
80 
4) 
\ 
I 

~—__, 

/ 

/ 
/ | 7 
f | 


Near infra-red absorption anisotropy of p-nitrophenol crystals 


The anisotropy measured on (010) is greater for O—H ---O bond (» = 6660 
em~') than for C—H bond (y» 6080 cm~'); the dichroitic ratios calculated as 
T wax! T min being 3-56 and 2-14, respectively. This is readily understood from Fig. 1 
which shows that O—H - - - O bonds possess more definite directions on that plane 


Fig. 8. Angular transmission anisotropy for PNPh crystal on (001 a) Curve made for 

fixed » 6400 cm~' (corresponding to O—H...O absorption b) Curve made for 

fixed vr 6025 em! (corresponding to C—H absorption). The initial position of the 
a-axis coincides with the position of the electric vector E 


than the C—H bonds, which project at various angles in respect of any direction 
chosen. Besides, it may be seen from Fig. 7(a), that, after turning the plate through 
an angle 10°, the minimum transparency is reached for O—H bond, thus the 
transition moment of the O—H bond must lie at an angle 10° in respect of the 
a-axis of the crystal. This figure is somewhat different from the value 7-5° (see 
Fig. 1) which may be calculated for the O - - - O direction from X-ray data | 4). 


The observed O—H dichroism, however, is not as great as may be expected for 


single-directed bonds. For example, in the ultraviolet absorption region we observe 
on (010) an electronic absorption band centred at about 405 mu, the dichroism of 
which greatly exceeds the value of 100*. This means that certain directions in 


* The results of the study of ultraviolet properties of PNPh crystals will be reported later 
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PNPh crystals are very precisely defined and the absorption anisotropy in such 
directions reaches rather high values. If this is not the case for O——H bond on (010) 
where all O --- O directions make identical angles with the a-axis, then it should 
mean that there exists some perpendicular absorption component diminishing the 
dichroitic ratio. Concluding, we should assume that the proton does not lie on the 
line joining both oxygen atoms but resides somewhere beyond it. 

More contrasted angular functions for these two bonds are found to be on (001), 
(Fig. 8). Here the dichroitic ratios are 4-07 0-26 for vr 6400 cm”! and 1-68 
for » 6025 em-'. The maximum of the transmission in case (a) is observed when 
the electric vector E of the radiation is perpendicular to the a-axis. This leads to 
the conclusion that the resulting vector for OH --- O bonds makes the angle 0 
with that axis. This is evident because the O—-H~---O bonds make identical 
angles with the a-axis (Fig. 2). 

Neglecting the reflection changes when the plate is rotated we may calculate the 
dichroitic ratios on (001) for both linkages. From simple trigonometric considera- 


tions we obtain for (-—-H transparency ratio 


(7: cos*6 + sin? 


nin / C~—H 6 cos* 36 


which is somewhat higher than 1-68, the observed value. It may be noted here that 
the C—H angular anisotropy curve on (001) calculated trigonometrically is very 


similar in shape to the observed one. 
For the transparency ratio of two O—H - - - O bonds, making with the a-axis an 


angle +/ or —f, we obtain a simple expression 


| cot*s 


min © H 0 


and with the experimental value for the ratio, 4-07 0-26, this leads to an angle 


Thus # is smaller than the angle between O - - - O direction and the a-axis, and this 
leads again to the conclusion that the proton does not lie on the O - - - O line but is 
slightly displaced. The non-linearity of the O—H --- O bond in the PNPh crystal 
was also discussed by Tovssarnt [4] on the basis of X-ray analysis. 


icknowledqements —This work was started during the tenure of a Research Scholarship provided 
by the Technical University in Wroclaw to which grateful acknowledgements are made. The 
author would like to express his best thanks to Dr. K LuKkaszewicz from the Department of 
Inorganic Chemistry, Technical University in Wroclaw, who has made the X-ray investigations 
and determination of the length of the a-axis. Thanks are due also to Dr. L. SosncezyK for many 


helpful discussions 


Note added in proof: The structure of the metastable modification of PNPh 
crystals has been examined also in 1960 by Pu. Coprens [11]. His values of 


11) Pa. Coprens, Thesis, Amsterdam 1960. 
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atomic co-ordinates in the unit cell differ somewhat from these given by Tovus- 


SAINT, but the differences are of small significance for our purposes beyond the 


angle between the O... O direction and the a axis. According to the new X-ray 
data this angle is 14-5° instead of 7-5 
tions. The O H.. 


as calculated from Toussaint’s determina- 
. 0 absorption direction lies according to our measurements 
between these two directions and thus the discussion of the non-linearity of the 
O—H ...0O bond seems to be still valid. 
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RESEARCH NOTES 


The infra-red spectra of some simple aliphatic ketones 


(Received 28 June 1961) 


Is contrast to the large amount of work devoted to the carbonyl stretching frequency | 1,2}, 


the other modes of simple aliphatic ketones have received comparatively little attention 
apart from important contributions by THompson and TorkincTon [3a] and FRANcts [3b]. 
Jones and his collaborators investigated the spectra of keto-steroids and have shown that 
many bands in the 1500-700 cm~! region could be associated with specific molecular 
groupings [4]. KaARABATSOS assigned some of the low frequency bands of di-isopropy! 
ketone by isotopic substitutions 5 

We have now examined the 1500-1350 and 1200-800 cm~! regions of a number of simple 
aliphatic ketones. Methyl bending and methylene scissoring and wagging modes would be 
expected to absorb in the former region. These vibrations are often largely localised and 
THOMPSON’s results indicated that this was the case for ketones [3a]. The spectra of all the 
compounds RCOR’ investigated are roughly equivalent to 1/2(RCOR + R’'COR’) in this 
region. Thus the characteristic bands for alkyl groups attached to -COR were determined; 
a tentative assignment could be made by comparison with the results for alkyl esters [6,7]. 
(See Table 1.) 

Selective deuteration studies [8] of diethyl ketone had previously shown that bands at 
1462 and 1380 cm~'! were associated with the methyl group and a band at 1415 em~! with 


Table 1 


Methy! Ethyl 


Asvm Me Svm Me Asvm Me CH, Svm Me CH 
CH def CH def CH def scissor CH def =s 


cm 1 
COR “a. 1425* 30 1360 sv) 1464 35 y 4 1381 1357 
COOR ca. 1480* 150 1465 70 1354 
OCOR ea. 1455* 1440 115 1447 30 : 1393 3! 1371 


A. Weissberger Technique of organic chemistry. Vol. IX, p. 506. 


ctra of Complex Molecules p 154. Methuen. London (1958) 
iInoTton, J. Chem. Soc. 640 (1945 
19, 942 (1951 
d E. Kavzene_Lensocen, J. Amer. Chem. Soc. 77, 651 (1955) 
// 77, 6331 
em 25, 315 (10600 
AGOWSKI and J \ T SEARD, Sy ectrochim Acta 16, O54 (19060) 


Coie and B. Nour, J. Am. Chem. Soc. 74, 5662 (1952). 
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Table 1 (contd.) 


n-Propyl i-Propyl 


Me asvm bend | H, Me svm Me svm 
attacher CH, SCISSOI scissor bend CH def 


to 


COR 3: 1409 
COOR 1422 
OCOR 


-Buty! 


Alkyl CH , scissor 
. aCH, Me sym 
attached Me asym : 
SCISsOr CH def 


to CH def 


COR 1369* 
1357 


i-Butyl 


Alky! CH, scissor 
attached Me asym 
to CH def 


sym bending modes 


i369 
137: 


COR 
OCOR 


results agree well with those of FrRancts [3b 


the methyl group. Where comparable, our 
in respect to peak heights, positions, and assignments 
A similar treatment was not possible for the 1200-800 em~! region; the methyl rocking 


modes and skeletal stretching modes which absorb in this region are known to be much 


more susceptible to coupling. Detailed spectra will be submitted to the D.M.S. scheme. 


Experimental 
Me—nPr, Me—iPr, Me-nBu, Me-iBu, Et-Et. Et-nBu. Et-iBn 


The following ketones: 
iBu, were investigated as 0-2M solutions in CHCl, in 


nPr—-nPr, iPr-iPr, nBu-nBu, iBu 
0-1 mm cells. Compounds were redistilled immediately prior to measurement, and had 
boiling points and refractive indices in agreement with literature values 

A. R. Karrirzxy 


The University Chemical Laboratory, 
S. OKSNE 


Cambridge, England 


cm 1 cin ecm é ‘ cm cm cm ‘ 
35 1375 30 1471 55 1387 40) 1367 20 
25 1385* 
1392 55 1470 1376 105 1354 105 
. 25 4 
20 
1468 50 1406 25 1388 25 S| 70 
1470 75 1396 tp 1379 90 70 
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Spectral evidence for competitive bonding in metal chelates 


Received 14 June 1961) 


IN THE course of our studies on the spectra and chelating properties of certain pyrazylmethy! 
ketones {1}, we have come across what we consider a unique bonding situation in a metal 
complex. In the case of 2-pyridy! pyrazylmethy! ketone (Fig. 1), there are two possibilities 
for chelate formation: (1) chelation with the pyridine nitrogen and the carbonyl oxygen, 
forming a five-membered chelate ring; (2) chelation with the pyrazine nitrogen and the 
carbonyl oxygen, forming a six-membered ring. One would undoubtedly predict that the 
five-membered chelate ring would be formed exclusively, because of the generally greater 
stability of five-membered rings, and particularly since the pyridine nitrogen is far more 
basic than the pyrazine nitrogen. 


CH 
N 


Fig. 1. 2-Pyridyl pyrazyl methyl! ketone. 


We have experimental evidence that the copper(II) chelate with this ligand exists in 
two forms, a five-membered as well as a six-membered chelate (Fig. 2). This can only be 
achieved if the greater stability of the five-membered ring and the greater basicity of the 
pyridine nitrogen are balanced by a greater 7-bonding tendency of the pyrazine nitrogen 
with the metal 3d orbitals as well as with the metal 4p orbitals 


Cu/2 


Fig. 2. The two possible chelates of 2-pyridyl pyrazyl methyl ketone with Cu(II). 


We have previously, carefully and systematically examined the ultraviolet and visible 
spectra of a number of pyrazylmethyl ketones, and made empirical assignments of elec- 
tronic transitions in these molecules [1]. Four principal regions of absorption are present 
in the spectrum of the copper(I1) chelate with 2-pyridy! pyrazylmethy! ketone, i.e. ~400, 
~330, ~260 and ~245 mu. The 245 my band is the 233 my band of the parent compound 
in a buffer of pH 7. This band in the parent compound is shifted to the red (243 my), due 
to the formation of the enolate anion. A similar shift is expected in the copper(II) chelate 
spectrum. This absorption band is characteristic of the NC;H,-CO system. In acid 
solutions of the parent compound, with increasing acid concentration, this band shows a 
decreasing intensity and a concomitant shading to the blue from a maximum at pH = 7 
(Fig. 3). The copper(I1) chelate in acid solution behaves in an identical manner. This 


shows conclusively that some pyridine nitrogen is available for protonation and hence 
some chelation must occur through the pyrazine nitrogen. 


When copper(Il) reacts with 2-pyridyl pyrazylmethyl ketone, two compounds are 
formed. This has been shown by extracting the mixture of copper(II) chelates with 


1} N. Nagvi, E. L. Ama, Q. FERNANDO and R. Levine, ./. Phys. Chem. 65, 218 (1961). 
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methanol. The ratio of the absorbances of the bands at 245 mu and 260 mu, of the more 
soluble portion, decreases relative to the original mixture. Conversely, as the extraction 


proceeds, the ratio of the absorbances of the bands at 245 my and 260 muy, of the residue, 


in methanol increases. Since the 245 my band is characteristic of the pyridine system and 


Absorbance 


3. Ultraviolet spectra of 2-pyridyl pyrazylmethyl ketone (4-04 » 10-5M), 


1-O 


—— Equilibroted solution in methanol 


fraction in methanol 


-<-<-- soluble 


-—Leost soluble fraction in methanol 


Absorbonce 


4 
380 
m 


Fig. 4. Ultraviolet and visible spectra of methanol extracted 
fractions of the Cu(II) chelate of the 2-pyridyl compound. 


is diminished in intensity on protonation, the above extraction can only mean that a 
chelate formed by co-ordination, with the pyridine nitrogen atom, is preferentially ex- 
tracted by methanol leaving behind a chelate formed by co-ordination with the pyrazine 
nitrogen atom. The behavior of these bands on extraction is seen in Fig. 4. Further, the 
residue after extraction is more soluble in acid than is the compound that was extracted 
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by methanol. This is to be expected if a free pyridine nitrogen is available for protonation, 
in the compound that was not extracted. 

The infrared spectra of the 2-pyridyl chelates are distinctly different from the spectra 
of all the other chelates. There appears to be a superposition of two sets of spectral bands 
in the chelates of 2-pyridyl pyrazylmethyl ketone. One set of bands is identical with the 
bands present in the infrared spectra of the chelates formed by the 3- and 4-py ridy! 
pyrazylmethyl ketones and phenacyl pyrazine, and the other set of bands is displaced to 
lower frequencies 

We have considered the possibility that free chelating agent may be present ina methanol 
solution in the copper chelate of the 2-pyridyl compound. The free reagent however has 


a strong band, (7-7, Fig. 3. log « 3-81 at 360 mua {1}. and no indication of this band 
is present in the spectra shown in Fig. 4. We have also considered and rejected the possi- 
bility that cis- and trans-isomers of the chelates may be present in solution, since these 
isomers would behave in a similar manner when protonated. There exists a further 
possibility, in which the copper chelate has both a five-membered ring as well as a six- 
membered ring, ic. one molecule of the 2-pyridyl pyrazylmethy! ketone may be co- 
ordinated to the copper atom through a pyridine nitrogen and the other molecule through 

ne nitrogen. However, it is unlikely that this compound is present since it has a 


ridine nitrogen which can be readily protonated and should be readily soluble in 


coppel 11) chelat« 


Found 


we conclude that there are two copper(I1) chelates of 2-pyridyl pyrazylmethyl 
\ detailed analysis of the ultraviolet, visible and infrared spectra of all these 


cis will tx published later 
to the National Science Foundation for providing 
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A reassessment of calibration and computation methods with regard to 
the variable internal standard technique 


3 July 1061 
THE main disadvant ives ol the variable internal standard method described by Scorrt [1] 
for the determination of trace constituents in biological concentrates are the time and 
detailed effort expended in the initial calibration and the subsequent computation of the 


London) 65, 201 (1946). 
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analytical data. Quicker methods of calibration and calculation are available but their 
particular application will obviously depend on the following considerations: what 
element is to be determined and how often, the range of concentration to be covered for 
both element and internal standard, whether background correction is to be applied or 


not and the general nature of the working and correction curves. Such methods can be 
subdivided into (a) a general procedure which is applicable over the entire range of trace- 
element concentration and (b) particular applications of this procedure in routine-control 
analysis for spec ific elements 


Now emission spectrographic analytical methods are based on the assumption that 


I alls = (1) 
where J, intensity of the analysis line; 
intensity of the internal standard line; 
respective concentrations of the elements concerned in the sample 
Neng constants dependent on background effects and light absorption and 
a7.as constants dependent on the conditions of excitation 


Equation (1) may be rewritten in the form 


log le Ny log ¢ 1 log ay aff (2) 
The computational procedures given below therefore depend on the ranges of values 
applicable to C, and Cy and the corresponding values to be assigned to ny, and ng, log I7/Ts 


referring to background-corrected intensity ratios 


General analysis 


The method employed |2, 3] is applicable over the entire concentration range (C, 
10-3000 p.p.m.) but on account of the fall-off in the slope of the working curves for values 
of C'» 1) p.p.m. (where ny 1) and the correction curve (correction versus log C'g) [1] 
it is necessary to retain it in a form suitable for graphical calculation |i.e. employing work- 
ing (log /,//.,. versus log (,) and correction (correction versus (',) curves]. This method 
permits limits of error to be determined for any concentration throughout the range of 


trace-element concentration and over the range of internal-standard content employed 


Routine control analysis 
In routine analy sis for specific elements (e.g available Co in soils total Co in herbage) 
[4| it is possible to shorten the calibration and/or computation methods as follows 


Soil-available cobalt 
The method employed [5] consists in weighting the concentrate with sufficient internal 


standard (pure Fe,O,) to permit direct estimation of the internal standard content (C,) 
from the amount added without undue loss of precision It depends on the fact that with 
the quantities of soil involved, the extractant (acetic acid) extracts only traces of Fe 
(ca. O-1-0-5 mg) [4]. Assuming unit gradients for the working and correction (correction 
versus log ('.) curves over the usual range of extractable Co content (i.e Ny Ne l for 
1000 p.p.m. and 2—100°.) we can make use of the relation 


log (log log s log l, 


CALDER yectrochim. Acta 15, 280 (1959) 
Caper, Appl. Statist. 9, 170 (1961 
Commonwealth Agri. Bur. Tex 
Caper, Nature 189, 165 (1961 

B. Catper, Spectrochim. Acta 16, 391 (1960) 
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where (, is the value of (, when log /,//, = 0 and C refers to the set of standards | 2| 
from which the working (regression) curve is derived. If from [(log C,/C'g), log C',| we 
subtract the log concentration factor, we obtain an expression which reduces to a constant 
depending on the amount of added internal standard and the concentration factor and 
accordingly we derive an expression for the (', value of the soil, viz., 


log ¢ T\s log k log I, le (3) 


where & is a constant determined by the calibration and experimental arrangement. 
Although this modification still retains in part the disadvantages of the original scheme [1] 
and is only strictly permissible when large sampling errors (such as exist here [7]) are 
present, it renders unnecessary the analysis of internal-standard content and has been 
applied with advantage 


Pastu re cobalt 


There are several elements which, by virtue of their distribution in the parent biological 
material, are known never to exceed a concentration of LOOO p.p.m. mn the concentrate and 
since for example the Co (and Fe) contents in pasture herbage are such that they always 
fall on the linear portions of the standard working and correction curves respectively, an 
alternative calibration procedure is possible similar to that proposed by CHAMBERLAIN [8]. 

The procedure involves preparing in the usual manner standard dilutions of 10, 31-6, 
100, 316 and 1000 p.p.m. Co in matrices containing increments of the internal standard 


from set to set, i.e. (say) Cg, 2-0, 40, 8-O and 16-0°, FeO, We therefore have 5 4 


») standard mixtures whose spectra are recorded to \ ield log l, | values. Results 


obtained by this method are given in Table | 
The data is treated as follows 
Our fundamental equation (1) may be rewritten 


log ¢ 1 ] Ny log I, le log l ny log ax ar 
which may be put in the form 
log ¢ P log log R 
For ease in manipulation this may be reduced to 
Pr Wy 
where log ¢ P and R 
. Values for standard C, and ¢ 


contents 


1-13 
Osi 
O16 


«¢ Committee for Development of S pectrogra phve W ork, Bull l 


7, 975 (1961 


VOL. 
17 
lin log a./a 
T 7: 
low 
r 
1) 1-5 20 2-5 3-0 
log 
1-75 O65 1-58 
1-38 1-88 0-36 1-33 
0-9 1-04 0-98 
1-2 1-16 1-6 0-66 : 
7) A. B. and R. Voss, 
1957 
G. T. CHAMBERLArN, Spectrochim. Acta ). 
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Now referring to Table 1 we have twenty sets of values of x, y and z and we can determine 
best estimates for P, @ and R by solving the normal equations 


PSN OS xy 0 


PS xy RSy 


where NV = 20. 


From Table 1 we derive 


>r = 3-43 Sy= 15 Sz = 40 Sry 0-066 


> zz 16°35 = 30 Sz? 12-60 13-50. 


On substitution in the above equations we obtain 


P 1-04 1-14 and R = 0-97. 


The standard error in z, i.e. x, may be computed from 


S d2/N-3 


where the residual d z. Pz, — Qy, R {9}. 


It is important to note here that in the calibration (, is accurately known. In subsequent 


analysis this no longer holds and in calculating the over-all error, allowance must be made 


for the component of variance associated with the estimate of this quantity (determined by 


a standard method of chemical assay) [10] 
The above treatment, while restricting the range of application of the method to that of 


immediate interest, reduces operator-time, only twenty spectra being required as opposed 


to eighty-four in the original scheme. At the same time it permits a valid estimate of the 
error associated with the method. Further the extra speed achieved in the calibration need 


not be sacrificed in the final computation of results, since the calculation of (', can be 


conveniently dealt with by means of a nomogram as follows. 


Equation (4) can be put in the form 


P log Ip/1 5 + Q log Cg — (log Cy ?) = 0. 


Choosing convenient moduli m, and m, for the log J,./] < and log ( . scales respectively. let 
1 2 7 S S | A 
X m Plog and } log C,. Rewriting the above equation as a set of 


parametric equations, we have 


X m,P log 0 
y m log Ug = 0 
Y/m, (log C'y R) 0 


X/m, 


Expressing these equations in determinant form we obtain 


0 m,P log 


0 l mo log Ug 0 


L/my, (log Cy R) 


9) E. T. Warrraker and G. Rosrnson, Calculus of Observations p. 243 et seq. Blackie & Son, London 
(1929). 
10) R. O. Scortr, Analyst 66, 142 (1941). 
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Further manipulation vields the basic determinant as 


m,P log | 
log ¢ s 


’ 
(log ( 7 i) 
Mes 


The nomogram therefore consists of three scales: one for the function log /7//., which will 
be parallel to the Y axis at X 1; one for the function log Cg which will be parallel to 


Fig. 1. Alignment chart representing /(Cs, J7/Is, Cr) 
Suitable moduli 


30 in. 
10) in. 


m, in. 

the Y axis at X = m,/m,; and one for the function (log C7 R) at X = 0. The axes are 

finally marked in terms of log J 7/I.g, Cg and C7. The complete nomogram is shown in Fig. 1. 
The above method may also be applied with advantage to the analysis of Co in soil 

extracts when the conditions necessary for the procedure outlined earlier [see equation (3)] 

do not hold, i.e. when the amount of Fe extracted is appreciable. 


A. B. CALDER 
Ruth rford Coll qe of chnology, 
Ne weastle “upon Tyne 


Eine Kiivette zur Messung der IR-Spektren diinner Filme leicht fliichtiger 
Substanzen bei tiefen Temperaturen 


( Received 17 July 1O61) 


Bei der bisher von uns fiir die Untersuchung der UV- und IR-Spektren diinner Schichten 
bei tiefen Temperaturen benutzten Kiivette [1] erwies sich als stérend, dass der Rand der 


1} H. H. Perxamevs, Z. physik. Chem. Neue Folge 18, 278 (1957); H. H. Perkamevus und E. Baum- 
GARTEN, Z. Elektrochem. 64, 951 (1960). 
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Tragerplatte stets kihler war als die Mitte der Platte. Besonders bei leicht fliichtigen 
Substanzen machte sich dies dadurch bemerkbar, dass der Substanzfilm von der Mitte aus 
nach dem Rand der Platte wanderte und somit keine zeitliche Konstanz der Filmdicke 
gegeben war. Um dies zu umgehen, haben wir eine Kiivette konstruiert, die eine sichere 
Temperatureinstellung der Triigerplatte gewiihrleistet und zugleich die Vorteile einer 
Hochvakuumkiivette beibehalt 


| 


4 


Messingscheibe 


NoCl- Platte 


Abb. 1. Schematische Darstellung der Kiivette, Erlauterung s. Text. 


Aus Abb. 1 ist zu ersehen, dass als Trigerplatte der als planparallele Quarzplatte 
ausgebildete Boden eines Quarz-Dewar-Einsatzes dient. Der gesamte Einsatz stellt somit 
ein Dewar-Gefiiss dar, das iiber einen Normalschliff NS 70 in die entspr. Hiilse aus 
Duranglas eingesetzt wird. An diese Hiilse ist der fussere Kiivettenkérper mit den 
Ansitzen zum Evakuieren und zur Aufnahme der Substanzampullen angesetzt. Zur 
Vermeidung eines unnétig grossen NaCl-Fensters ist zwischen Flansch und Fenster eine 
Messingscheibe gekittet worden. Fiir das Arbeiten mit dieser Kiivette im Leitz’schen 
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IR-Spektrographen ist eine Auslenkung des Strahlenganges nach oben notwendig, wie aus 
der Skizze in Abb. 2 zu ersehen ist. Dies wurde erreicht durch die Verwendung torischer 
Konkavspiegel |1 und 2], wie sie von Krier und MAgENNCHEN fiir die Messeinrichtung 
des Leitz’schen IR-Spektrographen fiir horizontale Kiivetten berechnet wurden [2]. 
Zur Reflexion des Strahlenganges an der Triigerplatte, wurde diese mit Hilfe von Glanz- 
platin verspiegelt. Der Intensititsverlust dieser Anordnung betrigt etwa 50°,, was durch 
Kompensation im Vergleichsstrahlengang ausgeglichen werden kann 
Durch Einfiillen von fliissigem Stickstoff, Sauerstoff und den Frigenen 13, 22 und 12 
in das Dewargefiiss lassen sich sehr leicht die Temperaturen — 196, —183, —81, —41 und 
30°C einstellen. Im Fall des fliissigen Stickstoffs kann ferner durch Abpumpen im 
Dewargefiiss der Tripelpunkt des Stickstoffs eingestellt werden, was einer Temperatur von 
212°C entspricht 


Auslenkung des Strahlenganges im Leitz ’schen IR-Spektrographen bei Verwendung 
g 


der Kiivette der Abb. 1. 


Da diese Kiivette die verschiedenen Bauelemente von Tieftemperaturkiivetten in 
einer Einheit vereinigt, bietet sie somit Vorteile gegeniiber den in der Literatur beschrie- 
benen Kiivetten [3] 

Als Beispiel fiir eine Messung mit dieser Kiivette ist in Abb. 3 das IR-Spektrum eines 
Methanfilmes dargestellt. Kurve 1 zeigt bei 196°C die asymmetrische Deformations- 
schwingung bei 7.65 4. Aus diesem Spektrum kénnte man entnehmen, dass im festen 
Zustand bei dieser Temperatur noch eine Rotation der Methanmolekel méglich wire, da 
der Q-Zweig neben dem P- und R-Zweig deutlich zu erkennen ist. Das Auftreten einer 
Rotation im festen Zustand bei dieser Temperatur wiirde nach den Arbeiten von CLUsivs 
und Periick [4] verstindlich sein, da erst unterhalb des Umwandlungspunktes des 
Methans bei —251°C eine Rotation nicht mehr zu erwarten wire. Wird die Temperatur 


:und K. Maenncnen, Z. Physik. 1§1, 1 (1958 


wtellung von H. Hover in Houspen-Wey Methoden der organischen chemie. 
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PERI . Z. physik. Chem. B 24, 313 (1934). 
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jedoch weiter erniedrigt, indem der Tripelpunkt des Stickstoffs eingestellt wird, so ver- 
schwindet die in Kurve | zu erkennende Feinstruktur vollstandig, wie aus Kurve 2zuersehen 
ist. Da bei —196°C der Dampfdruck des Methans ca. 10 Torr betrigt, und das in Kurve 3 
wiedergegebene Gasspektrum bei einem Druck von 30 Torr in dieser Kiivette aufgenommen 
worden ist, ist anzunehmen, dass sich bei dieser Temperatur das strukturierte Gasspektrum 
dem unstrukturierten Filmspektrum tiberlagert. Bei —212°C ist dies dagegen nicht mehr 
der Fall, da der Dampfdruck des Methans dann nur noch ca. 0,5 Torr betriigt. Allerdings 


Abb. 3. Ausschnitt des Methanspektrums im Bereich der asymmetrischen Deformations- 
schwingung bei 7,65 mu: 
1: Film bei 196°C 2: Film bei —212°C 
3: Gasspektrum bei Raumtemperatur, p, Hy 30 Torr, Schichtdicke 8 em. 


diirfte auf Grund der Breite der beobachteten Bande die Rotation nicht véllig ausgeschlos- 


sen sein, da in kondensierten Systemen eine starke Druckverbreiterung der Rotationslinien 


zu beriicksichtigen ist. 

Das Beispiel des Methanspektrums sollte jedoch nicht dazu dienen die Frage nach der 
Rotation in festen Zustand zu kliren, sondern sollte lediglich die bequeme Einstellung 
einer Temperatur von —212°C vorfihren. 

Herrn Prof. Dr. Dr. he. R. SunrMANN danken wir fiir das Interesse an dieser Arbeit 
herzlich. Der Deutschen Forschungemeinschaft danken wir fiir die Bereitstellung des 
IR-Geriites, dem Verband der Chemischen Industrie fiir die finanzielle Unterstiitzung, 
und den Farbwerken Hoechst fiir die Uberlassung der Frigene. Der eine von uns (E. B.) 
dankt ferner der Studienstiftung des Deutschen Volkes fiir ein gewahrtes Stipendium. 


Institut fiir Physikalische Chemie H. H. PerKampvus 
und Elektrochemie der Techn ischen Hochschule E. BAUMGARTEN 
Hannover. De ulschland 
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Environmental effects on the longest benzene absorption 
in a crystalline cyclohexane matrix 


(Received 24 Auquat 1961) 


RECENT investigations of the triplet-singlet emission spectrum of benzene in a matrix of 
evclohexane at 4-2°K and 77°K by Sponer and co-workers [1] have raised some questions 
concerning the mechanism of the substitution of benzene into the cyclohexane crystal 
lattice. As an addition to the phosphorescence results, we have studied the influence of 
environmental changes on the absorption spectrum of benzene-cyclohexane mixed crystals. 

Two considerations are important for any correct interpretation of data on the benzene- 
cyclohexane system. First, this system has a eutectic point at 42-5°C and 26-5 mole 
per cent of benzene {2}. No data are available for concentrations below 10 mole per cent 
of either component. If this system represents an example of two almost mutually in- 
soluble solids, then the stable phase at low temperature will consist of a mixture of two 


different solids: solid 1, consisting of a small amount of benzene substituted into the 
cyclohexane crystal lattice, and solid 2, consisting of a small amount of cyclohexane 


substituted into the benzene crystal lattice. The relative amounts of these two solids will 
depend on the concentration of the initial liquid solution and the manner of freezing. 
Benzene molecules, because of their relatively small size, should easily occupy substitutional 
sites in the cyclohexane lattice; the larger cyclohexane molecules probably will not so 
easily replace benzene molecules in the benzene lattice, but they may enter the benzene 
lattice interstitially in small numbers. 

The second important consideration is that cyclohexane undergoes a solid—solid phase 
transition at 186-1°K [3]. For temperatures above the transition point, the various authors 
agree that cyclohexane crystallizes in a cubic lattice with four molecules per unit cell [4-6] 
In 1958, Krishna Murti [7] repeated X-ray studies of cyclohexane at —5°C and — 180°C, 
and concluded that at the lower temperature cyclohexane has a monoclinic lattice with 
eight molecules per unit cell. Thus, upon cooling the solid benzene-cyclohexane mixture 
below 186°K, the cyclohexane lattice underlying solid | will change from cubic to mono- 
clinic structure. However, if the cooling proceeds very rapidly, it should be possible to 
freeze in a greater or less amount of the high temperature solid in a quasi-stable state. 

The absorption spectra were taken using conventional methods. The crystals were 
grown between two quartz dises, and the sample holder was immersed in the refrigerant 
in a dewar vessel having quartz entrance and exit windows. Spectra were taken on East- 
man Kodak 103a-0 plates using a Hilger E-1 large quartz spectrograph. Absorption 
studies were made at 77°K using concentrations (volume per cent of the liquid components) 
from 0-10 to 23-1°, benzene. For each concentration the spectra of samples prepared by 
“fast” and by “slow” freezing were compared. 

The results can be described in terms of three superimposed spectra, called here B, H, 
and L, which appeared with varying relative intensity depending on the concentration 
and manner of freezing. Spectrum B coincides with Pringsheim and Kronenberger’s 
benzene spectrum of 1926 [8]. Spectra H and L are essentially the same spectrum shifted 
to the red, spectrum H by 25 cm™! and spectrum L by 112 em=}, 
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Research notes 


For a concentration of 0-50°, benzene, thin fast frozen samples exhibit spectrum H 
alone, while slowly frozen samples show spectrum L alone. As the concentration is increased 
above 1°, benzene, spectrum B appears beside these spectra, first weakly, then more 
strongly with increasing benzene concentration. At about 12°, benzene, fast frozen 
samples display spectra H and B with approximately equal intensity, while slowly frozen 
samples gave plates with spectra L and B about equally strong. Increasing benzene 
concentration enhances the relative intensity of spectrum B. Plates for fast frozen samples 
of 23°, benzene concentration show spectrum H only weakly beside a strong B. and for 
slowly frozen samples of the same concentration spectrum B alone is present. 

For the two lowest concentrations, 0-10°, and 0-50°,, benzene, it was possible to obtain 
good spectra using quite thick samples. Both spectra H and L were present for either 
type of freezing. However, with slow freezing spectrum L is very intense with spectrum H 
beside it weakly, while with fast freezing this intensity relation is reversed. 

These intensity relations are clearly demonstrated in the strongest bands of the 
spectrum, namely the “molecular” series 0 + 515 + » 923 em~!, which is made possible 
through vibrational perturbation by the 515 cm~! e,* vibration. For the weaker, purely 
crystal-induced bands, the intensity increase of B relative to that of H and L is faster 
with increasing benzene concentration. Further, exciton splitting, which is visible in some 
of the erystal-induced bands of spectrum B, is absent in those of spectra H and L. 

These results are interpreted as follows. Spectrum B belongs to benzene crystals which 
have a very small admixture of cyclohexane in the lattice (solid 2), spectrum H represents 
the high temperature form of solid 1 with a small amount of benzene substituted into the 
cubic cyclohexane lattice, and spectrum L represents the low temperature form of solid | 
with a small amount of benzene substituted into the monoclinic cyclohexane lattice. The 
relative intensities of spectra B, H, and L depend on the relative amounts of these solids 
present in the samples. This was demonstrated when a slowly frozen sample with low 
benzene concentration was allowed to warm up slowly, and absorption spectra were 
recorded with every ten degree rise in temperature. Between 190°K and 200°K the 
spectrum changed discontinuously from the slowly frozen form with spectrum L alone 
present to the fast frozen form with spectrum H alone present. The superheating of the 
solid past the phase transition temperature before it changes to the higher temperature 
form is not unexpected. In their nuclear magnetic resonance investigations of cyclohexane, 
ANDREW and Eapes [9] found that the solid supercooled through the transition tempera- 
ture by about 10°C before changing to the lower temperature form. 


Department of Physics, Duke University J. D. SPANGLER 
Durham, North Carolina H. SPONER 


[9] E. R. ANpREew and R. G. Eaves, Proc. Roy. Soc. (London) 4216, 398 (1953). 
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